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Abstract 
Single cell manipulation systems are key candidates for therapeutic agents. 
However, the ability of precise micromanipulation handling and simulation is limited 
in nowadays investigation. In this research, a three-dimensional particle-based model 
is proposed to numerically study the mechanical responses of non-adherent cells under 
microinjection. The model establishes a mathematical relationship between the 
injection force and deformation of the biological cell. In this proposed framework, the 
cell fluid is modelled as a viscoelastic incompressible hydraulic material. A discrete 
element method is employed for modelling the viscoelastic solid phase (cell wall). 
Based on the proposed model, other mechanical responses can also be inferred, such 
as the effects of the injector radius, membrane stress and tension distribution, internal 
cell pressure, and deformed cell shape. The proposed model is validated with real 
experimental studies addressing how a zebrafish embryo reacts to mechanical impulse 
during micro-robotic cell injection. For this purpose, zebrafish eggs are poked by a 
micropipette. The applied force to the embryo membrane, in addition to the 
displacement of the micropipette, is recorded by employing a micro-robotic force 
sensing system. The collected experimental data are then processed and used to 
optimise the parameters of the proposed model using the genetic algorithm. The 
experimental results verify that the estimated micropipette force from the proposed 
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model and the deformation profiles from actual experiments are comparable, 
ascertaining the usefulness of the proposed particle-based model for modelling and 
analysis of embryo microinjection. 
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Chapter 1. Introduction 
 Motivation 
Microinjection is concerned with the process of injecting a foreign liquid 
substance like genes, drugs, sperm etc. to a target using a glass micropipette. This cell 
manipulation activity has been in existence for some time (Buck & Specht 1947), and 
has been broadly carried out in medical and cell related research such as drug 
discovery, toxicology, functional genomics, ICSI (intracytoplasmic sperm injection) 
and even cloning of animals (Beretta, Perego & Zunino 2006; Onishi et al. 2000; 
Tomita 2001). The traditional approach of cell injection normally involves a human 
operator who relies on visual feedback with a microscope to complete the task 
manually.  This specific expertise of cell injection requires a long training period 
(approximately one year), and even so the success rate is still low (Scherp & 
Hasenstein 2003).  Some of the important factors to ensure success of the injection 
process include accuracy, speed, and trajectory of the micropipette (Sun & Nelson 
2002).  As a result, research into micro-robotics is useful in advancing the process of 
cell injection. 
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As reported in Wang, Liu and Yu (2009), Kasaya et al. (1999), Ghanbari et al. 
(2009), as well as Liu, Lu and Sun (2010), a number of image processing techniques 
have been proposed to determine the parameters associated with a number of cells, 
including suspended cells and adherent cells.  Moreover, many research findings on 
modelling and/or image processing techniques for cell injection systems are able to 
offer more controllable manipulation of biological cells with a high speed as well as 
high survival and success rates.  Investigations that employ semi or fully automatic 
microrobotic systems (Sun & Nelson 2002; Wang, Liu & Sun 2007) or introducing 
haptic interaction to enhance human-in-the-loop cell injection are available, with the 
aim of not losing human expertise (Asgari, Ghanbari & Nahavandi 2011; Ghanbari et 
al. 2010; Ladjal, Hanus & Ferreira 2013).  
 Background of the research 
In general, modelling of living cells with mechanical approaches can be 
divided into three categories (Ladjal, Hanus & Ferreira 2008b), viz., micro/nano-
structural approach, continuum approach, and energetic approach. In the first category, 
the focus is on the molecular structure inside the cell.  This is the key element that 
determines the cell mechanics (Ingber 2010). The micro/nano-structural methods have 
several advantages, i.e., being able to consider  the cytoskeleton and extra cellular 
matrix (ECM) to cell mechanical behaviours, as well as to describe nonlinear features 
of cellular mechanics using a discrete network structure (Stamenovic & Ingber 2009; 
Stamenovic, Wang & Ingber 2006). Nonetheless, the limitations include the exclusion 
of non-elastic and dynamic behaviours of the cytoskeleton, and the methods are purely 
mechanical. 
Chapter 1. Introduction P a g e  | 3 
 
In the second category, a biological cell is treated as a continuum material with 
certain fluidic, elastic, viscoelastic, or solid properties (Hochmuth 2000). Then, 
different principles pertaining to fluid dynamics are used for modelling, while 
experimental studies are employed to yield the model parameters (Peng, Asaro & Zhu 
2010). As an example, Yeung and Evans (1989) introduced the first cell model by 
treating non-adherent cells as a liquid drop with a viscoelastic cortical shell. 
Computational methods related to fluid and solid mechanics are useful for providing 
the distribution of the force on the cell using the continuum approach. Nonetheless, 
the ECM and micro-structural events inside the cell to the cell mechanics are not taken 
into considered in this approach (Lim, Zhou & Quek 2006).  
In the third category, the percolation theory and polymer physics models are 
employed (Bigaud & Hamelin 1997). The resulting model is able to contribute energy 
budget to the cytoskeleton structure. It is also independent from the coordinate system 
and details of the cytoskeleton architecture (Saberi 2015). Moreover, the intracellular 
mechanical signalling in the cell can be explained properly (Forgacs 1995). However, 
the approach relies on the assumption of a large deformation of the cell.  Besides that, 
the effects of the ECM to cellular mechanics are not taken into consideration either. 
 Research aim and objectives 
The main aim of this research is to model, simulate, and analyse force 
interaction and deformation as two distinctive embryo microinjection challenges. 
Specifically, the research focuses on the formulation, development, evaluation, and 
optimisation of a novel mechanical model for micromanipulation of living cells. The 
research objectives are three-fold, as follows: 
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¾ To derive a 3D mechanical model that relates the indentation force and 
deformation of the cell membrane during the micromanipulation 
procedure, particularly in cell injection progression. To formulate the 
3D model, a number of factors, which include cell membrane and 
interior mechanical properties, micromanipulator speed, and spatial 
space, are addressed. The main novelty lies in the provision of an 
intuitive method for developing a mechanical model that is able to 
compute the micropipette force and the cell membrane deformation in 
a three-dimensional space. 
¾ To design and setup an experimental rig for dynamic force 
measurement, in order to collect real data for parameter validation of 
the proposed model. To achieve this, a microrobotic force sensing 
system is developed to measure the indentation force applied to the 
membrane of zebrafish embryos in their blastula developmental stages. 
The system is capable of measuring and recording forces in the μN-mN 
range and establishes numerical relationship between the micropipette 
force and deformation of embryo chorion.  
¾ To optimise the parameters associated with the formulated cell model 
using the Genetic Algorithm. The GA is used to search and adjust the 
model parameters based on the actual experimental data.  The cross 
validation method is conducted to validate the simulation results 
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 Research methodology 
In this research, a novel method using a particle-based representation of cells 
is introduced. A computational 3D model of the zebrafish embryo with the 
combination of continuum and micro-structural approaches is formulated. The model 
can calculate the deformation of the embryo membrane and the indentation force 
applied to the membrane during the cell microinjection process in a 3D space.  In the 
proposed model, viscosity and elasticity of the membrane as well as the effect of the 
cytoplasm and the nucleus are taken into account.  A detailed derivation of the 
computational model is presented, and the results indicating the usefulness of the 
model are provided.  
Furthermore, a GA is employed to optimise the parameter of the proposed 
model.  The experimental data collected from real zebrafish embryo microinjection is 
employed for optimisation of the model parameters.  The research findings contribute 
toward a new approach in formulating a 3D mechanical model that is useful in 
microinjection applications. 
 Thesis structure 
This thesis is divided into seven chapters.  The organisation of the rest of the 
thesis is as follows.  
In Chapter 2, a detailed literature review of different existing modelling 
approaches is presented with a critical discussion. A general review on mechanical 
modelling concepts in living cells is provided, with the focus on particle-based cell 
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modelling. In addition, different approaches for tracking deformation of a cell and 
detecting the indentation force during a microinjection process are explained.   
Chapter 3 mainly focuses on the mathematical formulation of the proposed 
model. A novel approach that takes into account viscosity, elasticity, and 
incompressibility aspects of living cells is presented. Some preliminary simulation 
studies and the associated analysis and discussion of the results are given. 
The methodology used in this research, including the experimental setup as 
well as data collection and analysis, is described in Chapter 4. To validate and identify 
the parameters of the proposed model, a microrobotic force sensing system is 
developed. This force measurement system is capable of measuring and recording 
forces in the μN-mN range. It help characterises the mechanical applied force to the 
chorion of zebrafish embryos. Quantitative relationships between the applied forces 
and chorion structural deformations are established for blastula developmental stages. 
The genetic algorithm is described in Chapter 5. It is used to optimise the 
parameters associated with the proposed cell model in Chapter 3. The experimental 
data collected in Chapter 4 are used in the optimisation process. The chapter also 
focuses on validating and discussing the simulation results of the proposed model 
(presented in Chapter 3) in conjunction with the parameters obtain from the GA. To 
gain a deeper insight into the proposed model and to validate the simulation, the cross 
validation method is implemented. The results obtained are analysed and discussed.  
The research findings are concluded and presented in Chapter 6. Future 
research directions and possible extensions of this research are also provided. 
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Chapter 2. Literature Review on Biological Cells 
Modelling 
Distinctive mechanics of cells are increasingly being studied, experimented 
and computationally modelled to understand the mechanical characteristics of 
biological cells during cell micromanipulation, for instance microinjection. In this 
regards, microinjection experiments have been broadly used for presenting external 
biological substances such as genes and sperms into single cells. In this thesis, 
modelling of microinjection of single living cells is conducted.  
 Microinjection  
In a microinjection process, a glass micropipette penetrates into a cell 
membrane and/or nuclear. In this mechanical process, a substance is inserted into a 
single cell. Some examples of this widely used procedure are Intracytoplasmic 
Sperm Injection (ICSI), or introducing substances such as DNA into a fertilized 
oocytes. In order for microinjection to be successful, it is important that the 
micropipette moves in an accurate trajectory with an appropriate speed (Kimura & 
Yanagimachi 1995). Kobayashi et al. (1992) made the first effort to control the 
subzonal insemination of mouse oocyte by a personal computer.  Sun and Nelson 
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(2002) introduced an automatic structure for programed injection of single cells. In 
their microrobotic injection system, the embryos were hold by a micropipette. They 
used image processing and precision motion control to detect the nucleus of the cell 
and locate the micropipette to inject mouse embryos.  They reported a 100% success 
rate for injecting DNA into the embryo pronuclei. However, it did not have a cell 
capturing subsystem to prevent any possible vibration of the embryo. Moreover, the 
system operated only on a single cell, which resulted in a low speed functionality. 
Note that incorporation of force feedback could enhance the injection speed and 
improve human-in-the-loop cell injection, with the purpose of benefiting human 
proficiency (Kim & Janabi-Sharifi 2008).  
Wang et al.(2007) developed a method to prepare a considerable number of 
samples and constructed a system that could inject a vast number of embryos in a 
short time. An entirely automated system was presented to inject foreign materials 
into Zebrafish embryos. Their microrobotic system was able to immobilise samples 
quickly, and achieve a high success rate. Moreover, most embryos survived after 
being injected in their system. The system worked as follows.  Individual embryos 
were held and immobilised by a vacuum-based holding device using negative 
pressure. To ensure a high reproducibility rate, the embryo structures were 
recognized, and the destination of deposition was determined by image processing 
techniques. 
The cell could be damaged by an extreme force during the microinjection 
process, which could directly impact the success rate of microinjection (Dumoulin 
et al. 2001). As discussed in the literature, force sensing capability and mechanical 
modelling of the embryos can enhance the success rate of microrobotic cell 
injection. A comprehensive overview of various existing mechanical modelling 
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methods pertaining to individual living cells and force sensing is provided in this 
chapter. 
 Overview of mechanical models of individual living cells 
One of the challenging issues in research is to be successful in developing a 
model for biological cells that is competent to mimic the applied forces to cell and 
predict events such as expectancy in the force changes, the force peak, and also 
separate dissimilar forces such as stiffness, damping, and hydraulic force. The 
existing numerical methods for mechanical modelling of living cells can be 
classified in three main groups: continuum approach, micro/nanostructural 
approach, and energetic approach (Ladjal, Hanus & Ferreira 2008a).  
2.2.1 Continuum approach 
In the continuum approach, the biological cell is treated as a continuum 
substance with certain fluidic, elastic, viscoelastic, or solid properties. The model 
is derived based on fluid dynamics. The model parameters are estimated by 
experimental measurement (Peng, Asaro & Zhu 2010).  
The first cell model was presented by Yeung & Evans (1989). They 
considered nonadherent cells to be a fluidic droplet covered by a viscoelastic 
membrane. In an attempt to model the mechanical behaviours of living cells, a 
continuum modelling approach was employed to model micropipette aspiration of 
a single cell experiment. They established the Newtonian liquid drop model to 
mimic the movement of such fluid-like organisms. They assumed the interior of the 
cell to be a viscous liquid comprising homogeneous Newtonian model. Besides that, 
they considered the cell membrane to be a viscous liquid which was anisotropic, 
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had a constant stiffness, and high Flexural strength. Furthermore, they assumed that 
at the boundary amongst the membrane and the cytoplasm, there were no changes 
in the velocity field.  
The Newtonian model has been further used to simulate white blood cells 
(Hochmuth 1993). Studies showed that the homogeneous Newtonian liquid model 
with 100-200 Pa’s of viscosity was able to model inactive white blood cells 
deformation undergoing large deformations, despite of the fact that white blood 
cells comprises a cytoplasm with cytoskeleton and various organ structures 
enclosing one or more nuclei. (Needham & Hochmuth 1990; Tran-Son-Tay et al. 
1991; Yeung & Evans 1989). The results of simulation favourably matched the 
experimental results, and the central viscosities were comparable with the results 
observed by other researchers employing similar models (Tran-Son-Tay et al. 
1994).  
This simple model can serve as a good approximation for a wide range of 
experimental conditions. However, there are several disagreements between the 
Newtonian liquid drop model and experiments highlighting its limitations, which 
lead to further development of other models. 
Zhou, Lim and Quek (2005) simulated the micropipette aspiration of 
biological cells. They used nonlinear finite element examination to model the solid-
like spherical cells (Figure 2.1). They extended the standard linear solid (SLS) 
viscoelastic model (Caputo & Mainardi 1971) and proposed the standard neo-
Hookean solid (SnHS) model, i.e., a nonlinear viscoelastic replica to analyse the 
existing cells behaviour undergoing large elastic deformations. For mathematical 
analysis of large deformation, the suggested SnHS model was more appropriate 
than the SLS model. However, in small deformation conditions, the SnHS and SLS 
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models were similar. A study by Baaijens et al. (2005) indicated that creep reaction 
through micropipette aspiration was reigned by the basic viscoelastic characteristics 
of the cells; therefore, the biphasic reactions of the cell were discounted in their 
proposed model.  
 
 
Figure 2.1. Spherical cell finite element model from (Zhou, Lim & Quek 
2005)  
 
For the SnHS model, a few primary assumptions were considered (Zhou, 
Lim & Quek 2005). Firstly, the cell was assumed to have persistent mechanical 
properties and the homogeneous incompressible standard neo-Hookean model was 
utilised to describe the cell’s behaviour. Secondly, it was assumed that there was 
no friction between the micropipette and the cell. Correspondingly, the micropipette 
was presumed to be a rigid cylinder with a smooth rounded edge. Thirdly, the 
undeformed cell was assumed to be a sphere and axisymmetric. Fourthly, none of 
the potential forces within the cytoskeleton were accommodated in the model. 
Finally, the influences of the temperature, osmolarity and viscosity of the fluid 
surrounded the cell were ignored. 
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Tan et al. (2008) introduced a mechanical model that linked the indentation 
force and the membrane deformation of living cells in a microinjection process. 
Their model was founded on the Rivlin’s membrane theory (Naghdi 1973). They 
considered a spherical cell membrane with a constant thickness before deformation, 
which was composed of an incompressible homogeneous isotropic material. The 
intracellular liquid was assumed to be incompressible, and its contribution to 
membrane was considered as a uniform hydrostatic pressure. 
Figure 2.2 illustrates the designation of the coordinates in their model before 
and after microinjection of the cell. In other words, the assumptions in the proposed 
model included: 
x The cell had a spherical shape 
x The contribution of the intracellular liquid was considered as a uniform 
hydrostatic pressure on the spherical membrane of the biological cell 
x The membrane comprised a material with uniform thickness, homogenous 
and isotropic prior to deformation 
x The cell volume could be kept constant due to incompressibility of the 
cytoplasm 
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Figure 2.2. Cell coordinates before and after microinjection in the proposed 
model of (Tan et al. 2008) 
 
They also considered both the imposed force to the cell membrane and the 
resultant deformation were symmetrical. Consequently, just half of the distorted 
cells were analysed in their work. The quasi-static equilibrium equations were used 
to model the cell deformation. The equations comprised ordinary differential 
equations, and were computed using the standard 4th-order Runge-Kutta method. 
They showed that different correlation between force and deformation could be 
achieved by altering the material constants. In addition to the mechanical properties 
of the cell (e.g. elastic modulus, distributions of the stress and strain in membrane, 
interior pressure, and the cell deformation), the influence of the injector radius was 
also investigated. Furthermore, a number of experiments on zebrafish and medaka 
embryos were conducted to verify the model. 
The model of Tan et al. (2008) exhibited the following advantages: (a) it was 
not necessary to assume that the cell shape was spherical; (b) the model could be 
used in a variety of mechanical conditions; (c) the model considered the osmosis 
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effect of the membrane. However, there were some limitations, which included the 
assumptions of a uniform cytoplasm hydrostatic pressure and symmetrical 
deformation (Tan et al. 2010). 
Sun et al. (2003) constructed a theoretical elastic model for the biomembrane 
of embryos in conjunction with a microrobotic structure for cell manipulation.  The 
objectives included describing and characterising the mechanical behaviour of the 
mouse embryo, quantifying the differences between the mechanical property of the 
mouse embryo in advance to fertilization and afterward it, and predicting the 
membrane deformation. In their proposed model, the biomembrane was assumed to 
be a thin layer, and a hydrostatic pressure was applied to the membrane by the inner 
cytoplasm.  The model of Sun et al. (2003) had the following assumptions: 
1) The hydrostatic pressure applied by the cytoplasm to the biomembrane 
was uniform. 
2) The volume of the cell did not vary (incompressibility). 
3) The cell deformation was induced only by the membrane elasticity since 
the bend strength of biomembrane was insignificant. 
4) The elasticity of the biomembrane was linear. 
5) The initial stress in the cell membrane or residual stress was zero. 
6) The initial state of the cell model was a planar circle. 
The radius (a) and depth (wd) of the dimple created by the micropipette on 
the membrane, and the radius (R) of the semicircular curved surfaces were three 
arithmetical parameters that described an indented biomembrane shape 
(Figure 2.3). The model was then used to calculate the Young’s modulus and 
examine the typical strain and stress in a mouse zona pellucida.  
Chapter 2. Literature Review on Biological Cells Modelling P a g e  | 15 
 
 
Figure 2.3. Membrane deformation of the cell in microinjection (Sun et al. 
2003) 
 
Later, Lu et al. (2009) studied the indentation of the zebrafish embryo and 
investigated the mechanical behaviour of its membrane. They modelled the 
deformed cell and the maximum strain and stress in the membrane. They extended 
the model proposed by Sun et al. (2003) to simulate the maximum stress of the 
indented membrane. Correspondingly, they proposed a method to evaluate the size 
of the distorted part of the membrane in connection with changing the depth of 
indentation to model the relating maximum strain. 
As illustrated in Figure 2.4, the membrane and the micro-pipette’s tip contact 
makes a small planar circle. The outer limits of the dimple top were where the 
maximum stress in the membrane took place. The immovable end of the entire 
distorted membrane was supposed to be the dimple top. At the dimple top, therefore, 
the membrane strain was equivalent to zero. On the deformed embryo surface, as 
shown in Figure 2.4, the strain of the membrane on the dimple top was at its most 
extreme and steadily diminishes alongside the arched boundary getting to its base 
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value at the base of the dimple. While, the stress of the membrane was the minimum 
at the dimple top, and increased gradually to its maximum at the dimple base. 
 
Figure 2.4. The distribution of stress and strain in the deformed membrane 
(Lu et al. 2009). 
 
To sum up, although ignoring the contribution of the extra cellular matrix 
(ECM) and microstructural events inside the cell to the cell mechanics, the 
continuum approach is amenable to computational methods developed for fluid and 
solid mechanics and can provide the distribution of the force on the cell (Lim, Zhou 
& Quek 2006).  
2.2.2 Micro/Nano structural approach 
In contrast to the continuum approach, the micro/nano structural approach 
suggests that the main element in determining the mechanics of living cells is the 
cell’s inner side molecular structure. Chen, Wu and Su (2012) reviewed some 
micro/nano structural approaches in biological cells modelling: 
 2D prestressed cable network 
 semi-flexible chain network 
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 3D prestressed cable network 
 open-cell foam model 
 tensegrity model 
 granular model.  
In the first four models, the cytoskeleton was only considered as a network 
of actin filaments, while in the last two models both microtubules and the actin 
filaments were reflected in the simulation. Even though the actin filaments 
represent tensile elements and microtubules were regarded as compressive 
elements, the bending feature of cytoskeletal mechanisms had become important, 
and had been contemplated in both elements (Gardel et al. 2008). 
Stamenovic et al. (1996) investigated the cytoskeletal characteristic and the 
discrete elements that carried stress inside the cell. They developed a six-strut 
tensegrity model (Figure 2.5) to mock-up the force diffusion amongst the cell and 
its extracellular environment. The model was built on the basics that the 
cytoskeleton is consist of a lattice of interconnected discrete elements called 
microtubules, intermediate filaments, and microfilaments (Ingber 1993). Their 
research revealed that the tensegrity architecture constituted a good starting point 
for modelling the cytoskeleton of the biological adherent cells. Their examination 
acknowledged that prestress and architecture of the cytoskeleton were the main 
components that a cell utilised to regulate its shape. However, one must consider 
that this proposed six-strut tensegrity model was just a raw portrayal of the 
cytoskeleton mechanics.  
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Figure 2.5. The six-strut tensegrity model (Stamenovic et al. 1996) 
 
Luo et al. (2008) devised a multi-modular tensegrity network and a tensed 
cable net model to analyse different main behaviours of stress fibres surveyed in 
biological cells. Figure 2.6 shows the structure of their proposed tensegrity model.  
Every module was made out of eight auxiliary individuals sorted out in a prestressed 
tensegrity arrangement, in which the compression struts adjusted the continuous 
web formed by the tension cables. Their studies suggested that the mechanical 
properties of the living cell were incredibly influenced by the discrete system of 
stress fibres. Moreover, various physical properties of the multipart stress fibre 
nanoscale structures could be delivered by the tensegrity principles, these properties 
include: fibre splaying after splitting, viscoelastic retraction, non-uniform 
contraction, and elliptical strain of a puncture wound within the fibre. Their 
proposed tensegrity architecture could describe how stress fibres at the same time 
could undergo passive tension and produce active contraction forces.  On the 
contrary, the tensed cable net system could envisage some, but not all, of the 
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aforementioned properties. Therefore, the tensegrity model could deliver an 
expedient relation concerning mechanical behaviours of a living materials and its 
molecular structures, and exemplify a different method for handing multi-scale 
modelling of biological cells. 
 
 
Figure 2.6. Structural arrangement of the tensegrity model presented in 
(Luo et al. 2008). (A) a large section of the model, (B) Assemblage of distinct 
modules into a self-equilibrium tensegrity structure, and (C) A single tensegrity 
module from A and B 
 
In summary, the micro/nanostructural approach seeks to account for the 
molecular structure inside the cell as the main component that determines the cell 
mechanics. Some advantages of this approach include taking into consideration the 
cytoskeleton and ECM to cell mechanical behaviours, describing nonlinear features 
of cellular mechanics, and having a discrete network structure (Stamenovic & 
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Ingber 2009; Stamenovic, Wang & Ingber 2006). However, these models do not 
take into account the non-elastic and dynamic behaviours of the cytoskeleton, and 
are purely mechanical. 
2.2.3 Energetic approach 
The energetic approach focuses on the percolation theory and polymer 
physics models. The percolation theory is implemented to interpret the performance 
of associated clusters in an arbitrary form. Presented in mathematics, the theory has 
been applied to materials science, and lately, the theory has been used to explain 
and simulate the organization and mechanics of the biological cells (Chen 2014; 
Privman, Gorshkov & Libert 2016).  
Forgacs (1995) discussed the role of percolation as a mechanism of 
mechanotransduction. They proposed a percolation model of cytoskeletal networks. 
Figure 2.7 represents entirely mechanical schematic of their signalling model. In 
their model, it was possible to efficiently handle the propagation of signals by 
means of varying the network connectivity properties. The outcomes from their 
proposed model were compatible with the experimental results, and resulted in 
some preparatory proposals for impending experiments. The overall percolation 
approach analysis and simulation indicated that the cell behaviour had considerable 
fluctuations if the cytoskeletal networks were distorted (Zanetti & Solursh 1984). 
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Figure 2.7. Diagram illustration of an entirely mechanical model of 
signalling. (Forgacs 1995) 
 
Kim, Hwang and Kamm (2009) introduced a three dimensions model based 
on the Brownian dynamics (BD). In their proposed model, actin monomers 
underwent polymerization and developed cross-linking by two sorts of cross-linked 
molecules in which shape vertical cross-links or aligned filament packs. They also 
utilised single-stranded bead-spring model (Figure 2.8) to optimise the 
computational proficiency of the simulation. In their imitation, actin cross-linking 
proteins, filaments, and actin monomers experienced thermal movement and relate 
through some characterised binding possibilities. They surveyed morphological 
properties of the network afterwards forming the network. Furthermore, they 
studied how morphology and the growth of the resultant network can be affected 
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by different system parameters. Some scaling behaviours emerged, which were 
unresponsive to the in depth choice of parameters.  
 
 
Figure 2.8. F-actin atomic structure and the corresponding bead-spring 
model (Kim, Hwang & Kamm 2009) 
 
To model the intracellular actin cytoskeleton, Zeng et al. (2012) developed 
a 3D arbitrary network framework. They applied their model to analyse the 
cytoskeleton’s role in deformation of nucleus and mechano-transduction. They used 
two linear Hookean springs arrangements to model the cytoskeleton. These two sets 
of springs were scattered and joined randomly to construct a random network in 
three-dimensional space (Figure 2.9). In this framework, one set symbolised actin-
binding proteins and the other set represented actin filaments. They used the model 
to calculate the nucleus deformation in the situation that the exerted mechanical 
forces to the plasma membrane were disseminated over the random cytoskeletal 
network to the nucleus membrane. They proposed that spreading the stress across 
the random cytoskeletal network could affect deformation of nucleus, while not 
causing any biochemical signalling action. They also changed density of actin-
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binding proteins and actin filaments, then utilised the model to evaluate variation 
of nucleus strain and its related deformation inside the cytosol. 
 
 
Figure 2.9. Representation of the 3D random cytoskeleton network. Blue line 
are actin filaments and red dots denote the actin-binding proteins (Zeng et al. 2012) 
 
In summary, the energetic approach employs the percolation theory and 
polymer physics models in its formulation. For the reason that the model contributes 
energy budget of the cytoskeleton structure, it is independent of the coordinate 
system and details of the cytoskeleton architecture. In addition, it can explain the 
intracellular mechanical signalling in the cell (Forgacs 1995). However, it requires 
the assumption of a large deformation of the cell, and ignores the contribution of 
the ECM to cellular mechanics. 
 Force measurement  
The ability to characterise the force between the micropipette and the cell 
has been the focus of several recent investigations. As an example, determining the 
injection forces applied to the membrane of zebrafish embryos gives a chance to 
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inspect the deviations in mechanical and physical properties of the chorion 
membrane that experiences chemical adjustments throughout insemination and 
embryonic growths (Kim et al. 2006).  
Kim et al. (2005) investigated zebrafish embryos at different growing phases 
and reported some results on measuring the imposed force to the chorion 
membrane. They developed a microrobotic structure that was capable of sensing 
and measuring the penetration imposed to the chorion envelope. Their system 
consisted of two micromanipulators with 3-DOF, a precise locating system with 2-
DOF. One of the micromanipulators was provided with the injection micropipette 
while the other one was held the embryo holding pipette. The framework was then 
set up on a vibration confinement table. For membranes force detection purposes 
and constructing a force sensor, PVDF (Polyvinylidene fluoride) piezoelectric 
polymer layers were utilised. A control board on a PC controlled their 
micromanipulation system. Figure 2.10 illustrates the proposed microrobotic 
biomanipulation framework, which was incorporated a micro/nano force detecting 
tool.  Furthermore, Figure 2.11 shows the configuration of a zebrafish embryo that 
comprises of a yolk, the perivitel-line space (PVS), and the chorion membrane.  
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Figure 2.10. Schematic of the microrobotic force sensing system developed 
by  Kim et al. (2005) 
 
 
Figure 2.11 A zebrafish embryo structure: the yolk, the PVS (perivitel-line 
space), and the chorion membrane (Kim et al. 2005) 
 
Utilising vision-based sensing in conjunction with a proper cell model is an 
alternative approach to estimate cell injection forces. Liu et al. (2007) used elastic 
low-stiffness polydimethylsiloxane (PDMS) sensor and proposed a vision-based 
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force measurement structure to evaluate the injection forces (Figure 2.12). They 
visually tacked the redirection of the PDMS supporting posts to obtain the exerted 
force to the zebrafish embryo membrane. The correlation of the applied force and 
the deflection of PDMS posts was explained by a mechanical analytic model.  
 
 
Figure 2.12. Force measurement system developed by (Liu et al. 2007) 
 
To evaluate the force applied to the embryo membrane during 
microinjection, Ammi, Ladjal and Ferreira (2006) employed vision and a cell model 
based on the non-linear  mass-spring-damper (MSD) technique. They also 
developed a finite element method (FEM) model to simulate mouse oocyte injection 
process and distinguish the parameters of the suggested MSD-based embryo model 
(Figure 2.13). Subsequently, the calculated force of the micropipette was haptically 
revealed to the operator’s hand. Their work proved that such haptic input had the 
ability to decrease the time of performing intracellular microinjection.  
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Figure 2.13 The cell mesh and response of  MSD based cell model in 
injection process presented in (Ammi, Ladjal & Ferreira 2006) 
 
A similar methodology was studied by (Kim, Janabi-Sharifi & Kim 2008). 
They brought vision-based detecting technique and a cell model based on the 
Boundary Element Method (BEM) (Figure 2.14) to regulate the cell interaction 
force. The estimated contact force, then was revealed to the operative hand by a 
haptic device. In the BEM-based model, dissimilar to the MSD-based model, the 
physical parameters were directly used, and the model could deal with diverse 
interactions amongst the cell and micropipette. 
 
 
Figure 2.14 Two-dimensional BEM-based model proposed in (Kim, Janabi-
Sharifi & Kim 2008) with line elements for 30 nodes 
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Furthermore, Karimirad, Chauhan and Shirinzadeh (2014) introduced a 
vision-based method to measure the indentation force applied to the spherical 
membrane of living cells for the duration of a microinjection process. An artificial 
neural network was utilised to evaluate the practical load to the cell. Such developed 
vision-based techniques were beneficial in circumstances where the force 
estimation ability was requisite, yet utilising a force measuring device was difficult 
or not practicable. They employed artificial neural networks together with image 
processing practices to calculate the force exerted to a cell membrane. In their study, 
a parameter identified as the “dimple angle” (Figure 2.15) was used to quantify the 
deformation of the sphere-shaped cell membrane. In their artificial neural network, 
the embryonic phase of development together with the visual properties were 
deliberated as inputs into the system. Their outcomes revealed the high competence 
of the approach, however, their system required real time image capturing and 
processing. 
 
Figure 2.15 Illustration of a deformed cell with the dimple angle (Karimirad 
et al. 2013) 
Chapter 2. Literature Review on Biological Cells Modelling P a g e  | 29 
 
 
 Discussion on the existing modelling methods of living cells  
The ability to manipulate and model individual living cells is an important 
research topic. As explained in section 2.2, the present methods that deal with 
mechanical simulation of living cells can be grouped into three categories: 
continuum, micro/nanostructural, and energetic approaches. A summary of some 
different mechanical modelling techniques acquired by a number of researchers is 
presented in Figure 2.16.  
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The existing modelling approaches have some limitations. In the micro/nano-
structural approach, the main limitation is the elimination of non-elastic and dynamic 
practices of the cytoskeleton. Besides that, the methods are completely mechanical 
(Ingber 2008). In the continuum approach, however, the influence of the extracellular 
matrix (ECM) and micro-structural procedures inside the cell has not taken into 
account in the cellular mechanics (Lim, Zhou & Quek 2006). On the other hand, the 
energetic approach depends on the theory that large distortion occurs in the cell, while 
the relation of the cell mechanics and the ECM has not taken into consideration either. 
Another important limitation is the assumption that the cytoplasm holds an identical 
hydrostatic pressure, ever since the embryos possess vesicles or yolks of considerable 
size inside them. Moreover, most cell models in the three approaches are in the 2D 
space. 
Regarding force measurement techniques, the main limitation of vision-based 
methods is to obtain the measurement of force, which rely on the availability of 
appropriate cell-specific models. This is problematic because the association between 
the mechanical and geometrical properties of cells remains largely unknown, and there 
are no universal models to represent the relationship of cell mechanical properties, 
deformation, and imposed force/stress. 
 Proposed framework in relation to the existing literature 
In this research, a novel method using a particle-based representation of cells is 
introduced. In particular, a computational model of the zebrafish embryo with the 
combination of continuum and micro-structural approaches is formulated.  The 
detailed derivation of the computational model is presented, and the preliminary results 
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demonstrating the usefulness of the model are provided.  The research finding 
contributes towards a new approach to formulating a 3D mechanical model that is 
useful in microinjection applications. 
Specifically, this research proposes a composite model of multi particles that 
combines the continuum and micro-nano structural approaches to replicate the 
mechanical properties of living cells. The model is then used to predict the cell 
membrane distortion and indentation force during a microrobotic cell injection 
process. An experimental force measurement system is set up to collect data pertaining 
to the microinjection process of real zebrafish embryos. The experimental data are 
utilized to optimise the parameters of the proposed model using a Genetic Algorithm. 
Extensive simulations are conducted to demonstrate the usefulness of the suggested 
hybrid model. The research outcomes indicate the potential applications of the 
proposed model, e.g. as a virtual cell microinjection system for training purposes 
(Horan et al. 2011). The next chapter provides the details of the proposed particle-
based cell modelling approach.   
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Chapter 3. The Proposed Mathematical Model 
In this chapter, the proposed mathematical model of the cell is described in 
details. The cell is considered as a homogenous incompressible viscose fluid 
surrounded by a viscoelastic spherical membrane. A particle-based technique is used 
to model the mechanical behaviour of the cell under microinjection. The cell 
membrane is divided into a number of discrete elements using a meshing algorithm. 
Viscosity of the materials is represented by linear dampers and elasticity is represented 
by Hookean springs.  Since this research is focused on mechanical properties, 
thermodynamic variables such as temperature and entropy are excluded. In addition, 
the material properties  considered are straightforward for example the stress at a given 
material point depends only on the history of the first order spatial gradient of the 
deformation in a small neighbourhood of the material point and not on higher order 
spatial gradients. 
 Introduction 
Non-adherent cells form a spherical shape when they are suspended 
(Khoshmanesh et al. 2008). They can deform under certain stimulations, and revert to 
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the initial shape upon release (Evans & Kukan 1984). In the proposed model, the cell 
interior is considered as a Voigt liquid-like phenomenon satisfying the hydrodynamic 
compressibility condition surrounded by a viscoelastic cortical shell. A particle-based 
model is developed to model cell mechanics under manipulation, which addresses the 
mechanical properties of the cell. The model of the cell is obtained through a hybrid 
approach which contains a cell wall model and an interior fluid model.  
 Related works 
The literature of modelling and simulation of mechanical behaviours of living 
cells is relatively wide, as compared with other domains. However, the interest in this 
research is on modelling a suspended single cell under mechanical force of a 
micropipette in a microinjection process. This focused interest comes from different 
perspectives and applications of partaking a mathematical (mechanical) model of 
living entities.  
A new class of discrete microstructural model based on the particle-based 
representation has recently attracted much research attention. Dzwinel, Boryczko and 
Yuen (2003) proposed the use of a rectangular lattice of particles connected by elastic 
springs as a model for an erythrocyte. The proposed approach treats the erythrocyte as 
an elastic object with uniform properties. The dissipative particle dynamics method is 
adapted to solve the flow of suspending plasma and solid deformation caused by 
conservative and dissipative forces among particles. 
Ghanbari et al. (2010) introduced a smoothed particle hydrodynamics method 
for cell modelling. A set of particles connected by springs is considered to model 
stretching and bending of the cell membrane. The proposed method is useful for 
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computing the motion and deformation of the cell caused by forces exerted by fluid 
particles on the membrane. 
Van Liedekerke et al. (2010) introduced a particle-based method for modelling 
spherical plant cells in both solid and liquid phases. Two different methods, i.e., the 
smoothed particle hydrodynamics and the discrete element methods, are used to 
realistically model the cell walls under the liquid and solid phases, respectively. 
Recently, the red blood cell (RBC) membrane was modelled with a closed 
network of particles connected with springs (Nakamura, Bessho & Wada 2013). The 
energy minimum theory is adopted to model the springs. Moreover, Newton’s 
viscosity law and momentum conservation are used to model the RBCs characteristics 
and behaviours in shear flows. 
 Cell membrane model 
As reported in the literature, the Discrete Element Method (DEM) has been 
proven to be an effective technique for modelling  a range of cells such as plant cells 
(Van Liedekerke et al. 2010), red blood cells (Hosseini & Feng 2009), and even 
simulating an artificial skin surface shaping (Abdi, Asgari & Nahavandi 2011). As 
such, the DEM is deployed for modelling the cell membrane in this study. The DEM 
focuses on the cell membrane because before the penetration, the actual physical 
interaction with the cell is through its membrane(Asgari et al. 2013). 
First of all, the cell membrane is assumed to be a viscoelastic layer.  To model 
this, the spherical shell of the cell is divided into a set of discrete surface elements 
using a meshing algorithm. The meshing algorithm distributes the points by first 
dividing the sphere into i vertical circles. Then, each vertical circle is divided into j 
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pieces. Therefore, there are (j×i)+2 points, where the two extra points are the extreme 
top and bottom tips of the spherical cell.  
The centre of each surface element is tagged with a particle. For each particle, 
it is connected to its neighbouring particles by the representation of springs and 
dampers. They are also connected to the cell centre with an additional spring and 
damper. The mesh and connections are shown in Figure 3-1.  
The four springs and dampers connected to the neighbouring cells, depicted by 
the darkened lines in Figure 3-1, are called the top, left, bottom, and right spring-
damper. These springs and dampers are used to model elasticity, friction, and viscosity 
among these elements. Because of the mesh structure, any force from even one element 
is distributed all over the cell through the springs and dampers. Based on the 
assumption, the lateral and axial movements of each particle caused by an external 
stimulus can be examined. By locating the surface wall of the particle at each time 
step, the position of the adjacent cells is updated by using the most current states of 
the spring as well as damping and hydraulic forces. 
 
 
Figure 3-1 A cell membrane meshing model. Each solid connected line 
represents a spring dashpot to the adjacent neighbour particles. 
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 Viscosity and compressibility inside the cell 
The structure inside the cell is considered as an incompressible viscoelastic 
material that has a small compressibility factor. As the same consideration is applied 
to the membrane structure, the Kelvin-Voigt model (Banks, Hu & Kenz 2011; 
Schwartz et al. 2005) is employed to simulate both viscosity and elasticity properties 
of the cell interior. To achieve the aim, all the membrane particles are linked to a centre 
particle by a parallel set consisting of a spring and a damper. Because the cell interior 
is more viscous than elastic, a higher damping effect of the inner connections exists, 
as compared with their elasticity effect. 
 Mathematical model of the cell 
Owing to the mutual connection between adjacent nodes, a connection exists 
between each particle and its (four) neighbouring particles of the membrane, as well 
as with the centre particle. This inter-connected model represents the interaction 
among adjacent particles, which includes the consideration of elasticity and damping 
effects. To derive the particle position with mutual interactions, the following 
differential equation needs to be solved in a 3D space, i.e.,  
݉௜ǡ௝۾ሷ ௜ǡ௝ ሺݐሻ ൅ ܾ௜ǡ௝۾ሶ ௜ǡ௝ ሺݐሻ ൅ ۴௜ǡ௝௦௣ ൌ ۴௜ǡ௝௘௫௧ ൅ ۴௜ǡ௝௖௢௠௣ (3.1) 
where mi,j is the mass of the particle (i,j), ۴௜ǡ௝௦௣ א ܴଷ	୫ǡ୩ୱ୮ א ଷ is the tension force of 
the adjacent and centre particles,	୫ǡ୩ୣ୶୲ א ଷ is the external force applied to the cell at  
node (i,j) (which can be the needle force as well as the holding device force), ۾௜ǡ௝ሺݐሻ ൌ
ൣݔ௜ǡ௝ሺݐሻǡ ݕ௜ǡ௝ሺݐሻǡ ݖሺݐሻ൧் א ܴଷ୫ǡ୩ ൌ ൣ୫ǡ୩ǡ ୫ǡ୩ǡ ୫ǡ୩൧ א ଷis the position vector of 
each particle, bi,j୫ǡ୩ is the damping factor of the cell in each point, and 	୫ǡ୩ୡ୭୫୮ א ଷ 
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is the hydraulic force exerted on the membrane owing to the incompressibility 
condition of the liquid inside the cell. The following sections describe the formulation 
and meaning of each force component in equation (3.1). 
3.5.1 Spring effects 
Lateral and axial movements are generated from the spring and damping 
interaction between adjacent particles. Figure 3-2 shows the interaction model, which 
consists of five connecting springs. 
 
 
Figure 3-2 Adjacent particles for each particle on the membrane 
 
The springs make connection for each selected particle to its adjacent particles. 
This configuration results in a force model, i.e.,  
۴௜ǡ௝௦௣ ൌ ۴௜ǡ௝௟௘௙௧ ൅ ۴௜ǡ௝௥௜௚௛௧ ൅ ۴௜ǡ௝௨௣ ൅ ۴௜ǡ௝ௗ௢௪௡ ൅ ۴௜ǡ௝௖௘௡௧௥௘ (3.2)  
where 
۴௜ǡ௝௟௘௙௧ ൌ ݇௜ǡ௝ ൈ οܮ௜ǡ௝௟௘௙௧ ൈ ۺመ ௜ǡ௝௟௘௙௧ (3.3)  
and ki,j, οܮ௜ǡ௝௟௘௙௧, and ۺመ ௜ǡ௝௟௘௙௧ are the spring constant, length change, and direction of the 
left spring displacement of particle (i,j) respectively. Note that Eq. (3.3) is used for 
four other neighbouring particles, i.e., at the right, top, bottom, and centre positions. 
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As a result, a set of equations that asserts the tension force onto each particle of the 
model is formulated. 
3.5.2 Damping forces 
The damping matrix, bi,j , should be considered in a way to provide non-
isotropic damping. If a diagonal damping matrix  
ܾ௜ǡ௝ ൌ ൦
ܾ௜ǡ௝௫
ܾ௜ǡ௝௬
ܾ௜ǡ௝௭
൪ (3.4)  
is considered with equal diagonal elements, then the damping force is isotropic. 
However, if the diagonal elements are different, the model includes the anisotropic 
behaviour.  
At this stage, the model has the isotropic behaviour to simplify the simulation 
and reduce the computation time. Therefore, the damping matrix, bi,j , is considered 
with equal elements in different directions. However, it is possible to choose different 
damping factors at each node, in order to take inhomogeneity of the cell into account. 
3.5.3 Hydraulic force 
Since the whole cell can be considered as incompressible fluid, it is expected 
that no considerable changes occur during the injection process. As such, a small cell 
incompressible coefficient, ߚ, is used to model the phenomenon, i.e.,  
ߚ ൌ ଵ௏
ௗ௏
ௗ௉ (3.5)  
where V is the cell volume, dV is the volume change, and dP is the hydraulic pressure 
change inside the cell. Note that V is evaluated to determine dV at each iteration. With 
a proper setting of ߚ, dP can be obtained by using Eq. (3.5). Therefore, the hydraulic 
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force can be formulated by considering the relationship between force and pressure 
(F=ΔP×A), which A is the normal area vector at each point. Vector A is calculated at 
each iteration based on the cell membrane shape. 
 Membrane deformation and indentation force estimation 
It is necessary to solve a set of differential equations, as in Eq. (3.1), in order to 
obtain the cell deformation and indentation forces. As such, the Runge-Kutta 
numerical method is employed. The static position of the cell is considered as the 
initial condition, whereby all particles have an initial velocity of zero (i.e. at rest), and 
the cell is fixed on a surface from the bottom.  The acceleration of a particle (i, j) due 
to the external forces can be computed using  
܉௜ǡ௝ ൌ ࡼሷ ௜ǡ௝ ൌ ݉௜ǡ௝൫۴௜ǡ௝௘௫௧ ൅ ۴௜ǡ௝௖௢௠௣ െ ܾ௜ǡ௝۾ሶ ௜ǡ௝ ሺݐሻ െ ۴௜ǡ௝௦௣൯Ȁ݉௜ǡ௝ (3.6) 
where ai,j is the acceleration of particle (i.j). As a result, derivation of the velocity to 
compute the damping effect and the position to estimate the deformation can be 
achieved. This leads to the computation of the indentation force, which is based on the 
estimated acceleration and other forces at the injection point. The detailed 
mathematical formulation of the model is provided in the next section. 
 Mathematical formulation of the model 
In this section, the details of the mathematical formulation for the model are 
explained. As mentioned earlier, the cell is modelled by considering the interaction of 
a number of particles distributed at the spherical membrane. In the following 
formulation, jj is the number of horizontal circles on the membrane, and ii is the 
number of nodes on each horizontal circle (or in other words the number of vertical 
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circles). Each particle is symbolized by a pair of numbers, i.e., i and j ,  ݅ ൌ ͳǡǥ ǡ ݅݅ 
and ݆ ൌ ͳǡǥ ǡ ݆݆ . 
3.7.1 Nearest neighbours 
The position vector of each node at time t, ۾୧ǡ୨ሺݐሻ, has three components in each 
Cartesian direction:  
۾୧ǡ୨ሺݐሻ ൌ ൫௜ǡ௝ሺݐሻǡ ௜ǡ௝ሺݐሻǡ ௜ǡ௝ሺݐሻ൯ (3.7) 
Only interactions with the nearest neighbours are reflected in the model. For 
each particle on the membrane, except for the top and bottom nodes, there are four 
nearest neighbours on the surface, i.e.,: 
If  j=1  then ۾௜ǡ௝௟௘௙௧ሺݐሻ ൌ ۾௜ǡ௝௝ሺݐሻ  
else ۾௜ǡ௝௟௘௙௧ሺݐሻ ൌ ۾௜ǡ௝ିଵሺݐሻ 
If  j=jj  then ۾௜ǡ௝௥௜௚௛௧ሺݐሻ ൌ ۾௜ǡଵሺݐሻ  
else ۾௜ǡ௝௥௜௚௛௧ሺݐሻ ൌ ۾௜ǡ௝ାଵሺݐሻ 
If  i=1  then  ۾௜ǡ௝௨௣ሺݐሻ ൌ ۾௧௢௣ሺݐሻ  
else ۾௜ǡ௝௨௣ሺݐሻ ൌ ۾௜ିଵǡ௝ሺݐሻ 
If  i=ii  then  ۾௜ǡ௝ௗ௢௪௡ሺݐሻ ൌ ۾௕௢௧௧௢௠ሺݐሻ   
else ۾௜ǡ௝ௗ௢௪௡ሺݐሻ ൌ ۾௜ାଵǡ௝ሺݐሻ (3.8) 
However, adjacent particles to the topmost and lowermost points are the nodes 
on the first circular mesh line after these points (Figure 3-3). Therefore, the number of 
neighbouring particles for the top and bottom points depends on the meshing 
parameters. 
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Figure 3-3 The topmost point and its adjacent particles 
 
3.7.2 Equations of motion 
Considering all forces based on the modelling assumptions, the equation of 
motion for each particle (i,j) is  
݉۾ሷ௜ǡ௝ ሺݐሻ ൅ ܾ۾ሶ௜ǡ௝ ሺݐሻ ൅ ۴௜ǡ௝௦௣ ൌ ۴௜ǡ௝௘௫௧ ൅ ۴௜ǡ௝௖௢௠௣ (3.9) 
where m is the mass of each particle, b is the damping factor due to the viscosity of the 
material, ۾ሶ௜ǡ௝ ሺݐሻ is the velocity of each particle, ۾ሷ௜ǡ௝ ሺݐሻ is the acceleration,   ۴௜ǡ௝௦௣, ۴௜ǡ௝௘௫௧, 
and ۴௜ǡ௝௖௢௠௣ are elasticity, external, and compression forces, respectively.  ۴௜ǡ௝௘௫௧ is 
considered to be 0 for all nodes on the sphere except for the top node. 
3.7.3 Elasticity and viscosity forces  
The elasticity force applied to each particle is attributable to the spring 
connections with its five nearest neighbours. Therefore,   
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۴௜ǡ௝௦௣ ൌ ۴௜ǡ௝௟௘௙௧ ൅ ۴௜ǡ௝௥௜௚௛௧ ൅ ۴௜ǡ௝௨௣ ൅ ۴௜ǡ௝ௗ௢௪௡ ൅ ۴௜ǡ௝௖௘௡௧௥௘ (3.10)  
and each elastic interaction with the left, right, top, and down neighbour is calculated 
as follows.   
۴௜ǡ௝௟௘௙௧ ൌ ݇ͳ כ ൫ห۾௜ǡ௝ሺݐሻ െ ۾௜ǡ௝௟௘௙௧ሺݐሻห െ ܮͲ௜ǡ௝௟௘௙௧൯ כ
൬۾೔ǡೕሺ௧ሻି۾೔ǡೕ೗೐೑೟ሺ௧ሻ൰
ቚ۾೔ǡೕሺ௧ሻି۾೔ǡೕ
೗೐೑೟ሺ௧ሻቚ  (3.11) 
 where, ܮͲ௜ǡ௝௟௘௙௧ ൌ ห۾௜ǡ௝ሺͲሻ െ ۾௜ǡ௝௟௘௙௧ሺͲሻห is the length of connection between particle (i,j) 
and its left neighbour in the preliminary state before applying any force to the 
membrane, ۾௜ǡ௝௟௘௙௧ሺݐሻ is the position vector of the left neighbour at time t, and k1 is the 
elasticity factor of the membrane (to be  determined and optimised in Chapter 5).  
The elastic interaction with the centre particle can be calculated using: 
۴௜ǡ௝௖௘௡௧௥௘ ൌ ݇ʹ כ ൫ห۾௜ǡ௝ሺݐሻ െ ۾௖ሺݐሻห െ ܴ൯ כ
ቀ۾೔ǡೕሺ௧ሻି۾೎ሺ௧ሻቁ
ห۾೔ǡೕሺ௧ሻି۾೎ሺ௧ሻห  (3.12) 
where R is for the radius of the cell sphere,  ۾௖ሺݐሻ and ۾௜ǡ௝ሺݐሻ are the position vector 
of the centred particle and particle (i,j), respectively, and k2 is the elasticity factor of 
the cytoplasmic liquid inside the cell (to be determined and optimised in Chapter 5). 
In equation (3.9), the term ܾ۾ሶ௜ǡ௝ ሺݐሻ represents the viscosity or damping force 
applied to each particle. Providing isotropic or non-isotropic damping depends on the 
consideration of the damping matrix, b (equation (3.4)). ۾ሶ௜ǡ௝ ሺݐሻ is the first derivative 
of the position vector with respect to time, which represents the velocity of the particle 
at time t. 
3.7.4 Compression force 
To take the assumption of cell incompressibility into account, the volume of 
the cell at each iteration needs to be calculated. As a result of the meshing algorithm, 
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the spherical shape is generated by some horizontal round disks with different radii on 
top of each other.  Consequently, the initial cell volume is the sum of the volume of 
the disks at time 0: 
ܸ݋݈଴ ൌ ݌݅ כ σ ൫ݔ௜ǡଵሺͲሻଶ ൅ ݕ௜ǡଵሺͲሻଶ൯ כ ൫ݖ௜ǡଵ௧௢௣ሺͲሻ െ ݖ௜ǡଵሺͲሻ൯௜௜௜ୀଵ  (3.13) 
where ݔ௜ǡଵሺͲሻ, ݕ௜ǡଵሺͲሻ, ݖ௜ǡଵሺͲሻ are the Cartesian coordinate  of the first particle on the 
i-th circle of the membrane in x, y, and z directions, respectively, before the indentation 
starts (time=0). Likewise, ݖ௜ǡଵ௧௢௣ሺͲሻ represents the coordinate of the next circle at the 
same time. Therefore, ൫ݖ௜ǡଵ௧௢௣ሺͲሻ െ ݖ௜ǡଵሺͲሻ൯ in Equation (3.13) characterizes the height 
of disk number i. 
Similarly, the volume of the cell at the end of iteration t can be computed as 
follows: 
ܸ݋݈ ൌ ݌݅ כ σ ൫ݔ௜ǡଵሺݐሻଶ ൅ ݕ௜ǡଵሺݐሻଶ൯ כ ൫ݖ௜ǡଵ௧௢௣ሺݐሻ െ ݖ௜ǡଵሺݐሻ൯௜௜௜ୀଵ  (3.14) 
Therefore, at time t, the change in the cell volume is: 
ܸ݀݋݈ ൌ ܸ݋݈଴ െ ܸ݋݈ (3.15) 
Considering the incompressibility factor ቀߚ ൌ െ ଵ௏
ௗ௉
ௗ௏ቁ, the change in the cell interior 
pressure is: 
݀ܲ ൌ െܸ݀݋݈Ȁሺܸ݋݈ כ ߚሻ (3.16) 
To calculate the hydraulic force, the area of each mesh is required, due to the 
relationship between force and pressure ሺ۴ ൌ ܲ כ ܌ۯሻ. For simplicity, it is assumed 
that all meshes on the membrane have identical areas. The membrane area is: 
ܣݎ݁ܽ ൌ Ͷ כ ݌݅ כ ܴଶ  (R is the cell radius) 
Therefore, dA of the area of each mesh is the whole area of the sphere divided by the 
number of particles on the membrane: 
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݀ܣ ൌ ܣݎ݁ܽȀሺ݅݅ כ ݆݆ ൅ ʹሻ (3.17) 
The direction of the normal surface vector at each node is considered as the 
normal vector on the surface created by all four neighbour particles on the membrane. 
Consequently, the direction of the hydraulic force at each node is: 
݀݅ݎۯ௜ǡ௝ ൌ ܿݎ݋ݏݏ൫ൣ۾௜ǡ௝௥௜௚௛௧ሺݐሻ െ ۾௜ǡ௝௟௘௙௧ሺݐሻ൧ǡ ൣ۾௜ǡ௝௨௣ሺݐሻ െ ۾௜ǡ௝ௗ௢௪௡ሺݐሻ൧൯ (3.18) 
where ݀݅ݎۯ௜ǡ௝ is the normal surface vector at node (i,j), ۾௜ǡ௝௥௜௚௛௧ሺݐሻǡ ۾௜ǡ௝௟௘௙௧ሺݐሻǡ ۾௜ǡ௝௨௣ሺݐሻǡ
۾௜ǡ௝ௗ௢௪௡ሺݐሻ are position vectors of the four nearest neighbours at the  right, left, top 
and bottom of  particle (i,j), respectively. Therefore, the compression hydraulic force 
at each point is 
۴௜ǡ௝௖௢௠௣ ൌ ݀ܣ כ ݀ܲ כ
ௗ௜௥ۯ೔ǡೕ
௡௢௥௠ሺௗ௜௥ۯ೔ǡೕሻ (3.19) 
Owing to the difference of the top point at the membrane, the normal surface vector in 
the direction of this point is its position vector. Therefore, the compression force at the 
top point at time t is as follows  
۴௧௢௣௖௢௠௣ ൌ ݀ܣ כ ݀ܲ כ ۾೟೚೛
ሺ௧ሻ
௡௢௥௠ቀ۾೟೚೛ሺ௧ାଵሻቁ
 (3.20) 
3.7.5 Position vectors 
Solving Equation (3.9) results in the position of each particle on the membrane, 
which is the representation of the cell deformation. However, the elastic forces in 
Equation (3.9) are correlated to the position of the centre particle, since the centre 
particle is considered as one of the nearest neighbours to each particle on the 
membrane. The centre particle is connected to all the nodes on the membrane including 
the top and bottom points. Accordingly, its equation of motion includes interactions 
with all the particles: 
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When there is no external force to the centre particle, the motion equation is: 
݉௖۾ሷ௖ ሺݐሻ ൅ ܾ۾ሶ௖ ሺݐሻ ൅ ۴௖௦௣ ൌ Ͳ (3.21)  
where ۴௖௦௣ is the overall spring force applied to the centre particle due to the particles 
on the membrane: 
۴௖௦௣ ൌ െσ σ ۴௜ǡ௝௖௘௡௧௥௘௝௝௝ୀଵ௜௜௜ୀଵ െ ۴௧௢௣௖௘௡௧௥௘ െ ۴௕௢௧௧௢௠௖௘௡௧௥௘  (3.22) 
In Equation (3.22), the first term represents the interaction of the centre particle 
with particles (i,j) on the membrane, as shown in Equation (3.12). Correspondingly, 
۴௧௢௣௖௘௡௧௥௘۴௕௢௧௧௢௠௖௘௡௧௥௘  are elastic forces between the centre particle and the top and 
bottom points, respectively, and are computed as follows. 
۴௧௢௣௖௘௡௧௥௘ ൌ ݇ʹ כ ൫ห۾௧௢௣ሺݐሻ െ ۾௖ሺݐሻห െ ܴ൯ כ
ቀ۾೟೚೛ሺ௧ሻି۾೎ሺ௧ሻቁ
ห۾೟೚೛ሺ௧ሻି۾೎ሺ௧ሻห  (3.23) 
۴௕௢௧௧௢௠௖௘௡௧௥௘ ൌ ݇ʹ כ ሺȁ۾௕௢௧௧௢௠ሺݐሻ െ ۾௖ሺݐሻȁ െ ܴሻ כ ൫۾್೚೟೟೚೘ሺ௧ሻି۾೎ሺ௧ሻ൯ȁ۾್೚೟೟೚೘ሺ௧ሻି۾೎ሺ௧ሻȁ  (3.24) 
where R, ۾௧௢௣ሺݐሻ, ۾௕௢௧௧௢௠ሺݐሻ, ۾௖ሺݐሻ, and k2 are the cell radius, position vectors for the 
top, bottom, and centre particles, , and the elasticity factor of the cytoplasmic liquid 
inside the cell, respectively. 
During a microrobotic injection process, the micropipette moves with a constant speed 
towards the cell centre. Therefore, the position of the piercing point (the top point in 
this research) at time t is as follows: 
۾௧௢௣ሺݐሻ ൌ ۾௧௢௣ሺݐ െ ͳሻ ൅ ܞ௣ כ ݀ݐ (3.25) 
where ܞ௣ is the velocity of the micropipette and dt is the time interval. 
Since the cell is fixed on a surface, the bottom point is on a fixed surface, i.e.,   
۾௕௢௧௧௢௠ሺݐሻ ൌ ۾௕௢௧௧௢௠ሺͲሻ (3.26) 
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So far, each force term in the differential equations of motion (Equations (3.9) and 
(3.21)) has been identified and formulated. To solve the differential equations, the 
following initial conditions are taken into account:  
1- The cell is considered in the static state, i.e.,  ۾ሶ௜ǡ௝ሺͲሻ ൌ ሺͲǡͲǡͲሻ  and  
۾ሶ௖ሺͲሻ ൌ ሺͲǡͲǡͲሻ 
2- The centre of the sphere is deliberated as the origin of the Cartesian 
coordinate, i.e.,  ۾௖ሺͲሻ ൌ ሺͲǡͲǡͲሻ 
3- The initial position of each particle on the membrane, ۾௜ǡ௝ሺͲሻ, is given by 
the meshing algorithm, and for the top and bottom points,  ۾௧௢௣ሺͲሻ ൌ
ሺͲǡͲǡ ܴሻǡ ۾ሶ௧௢௣ሺͲሻ ൌ ሺͲǡͲǡͲሻ ; ۾௕௢௧௧௢௠ሺͲሻ ൌ ሺͲǡͲǡ െܴሻǡ ۾ሶ௕௢௧௧௢௠ሺͲሻ ൌ
ሺͲǡͲǡͲሻ 
4- The cell is at the hydraulic equilibrium before the injection process starts, 
i.e., ۴௜ǡ௝௖௢௠௣ ൌ Ͳǡ ۴௧௢௣௖௢௠௣ ൌ Ͳ 
5- There is a constraint for each particle such that it cannot go under the fixed 
surface, i.e.,  ௜ǡ௝ሺݐሻ ൌ െܴ    if     ௜ǡ௝ሺݐሻ ൏ െܴ  
By solving Equations (3.9), (3.21), (3.25), and (3.26) simultaneously, the deformation 
of the cell membrane at any time t during the microinjection process is obtained.   
3.7.6 Indentation force 
As a result of the meshing algorithm, the density of the particles around the 
piercing point, where the micropipette touches the membrane, is higher than other parts 
of the membrane. This point (the top point of the sphere as in Figure 3-3) has jj 
neighbours on the membrane as well as the centre particle. The motion equation for 
this point is: 
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݉۾ሷ௧௢௣ ሺݐሻ ൅ ܾ۾ሶ௧௢௣ ሺݐሻ ൅ ۴௧௢௣௦௣ ൌ ۴௘௫௧ ൅ ۴௧௢௣௖௢௠௣ (3.27)  
where all the symbols are the same as in Equation (3.1). At this point,  ۴௘௫௧ is the 
micropipette force applied to the cell membrane. To calculate the elasticity force 
applied to the top point, it is necessary to consider the spring force between the top 
point and the centre particle ۴௧௢௣௖௘௡௧௥௘ , equation (3.23), as well as the elastic interactions 
between the top point and the neighbour particles on the sphere surface, ۴௧௢௣௦௣ , i.e.,  
۴௧௢௣௦௣ ൌ ۴௧௢௣௖௘௡௧௥௘ ൅ σ ݇ͳ כ ൫ห۾௧௢௣ሺݐሻ െ ۾ଵǡ௝ ሺݐሻห െ ห۾௧௢௣ሺͲሻ െ ۾ଵǡ௝ ሺͲሻห൯ כ௝௝௝ୀଵ
൬۾೟೚೛ሺ௧ሻି۾భǡೕ ሺ௧ሻ൰
ቚ۾೟೚೛ሺ௧ሻି۾భǡೕ ሺ௧ሻቚ
 (3.28) 
where R, ۾௧௢௣ሺݐሻ, and k1 are the cell radius, the position vector for the top particle, 
and the elasticity factor of the cell membrane, respectively, and ۾ଵǡ௝ ሺݐሻ is the position 
vector of top point’s neighbour particles on the membrane (Figure 3-3) 
As a result of the constant velocity of the micropipette, the velocity of the top particle 
remains the same, i.e.,  
۾ሶ௧௢௣ ሺݐሻ ൌ ܞ௣ ൌ ܿ݋݊ݏݐܽ݊ݐ (3.29)  
where ܞ௣ is the micropipette velocity. Therefore, the top particle has no acceleration, 
i.e., 
۾ሷ௧௢௣ ሺݐሻ ൌ Ͳ (3.30) 
By substituting Equations (3.29) and (3.30) into Equation (3.27), the external force to 
the top particle, which is the micropipette or the indentation force, is as follows: 
۴௘௫௧ሺݐሻ ൌ ܾܞ௣ ൅ ۴௧௢௣௦௣ ሺݐሻ െ ۴௧௢௣௖௢௠௣ሺݐሻ (3.31) 
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Finally, the membrane deformation and the indentation force are estimated. The 
micropipette velocity is constant, and is known as it is set by programming the 
micromanipulator in the microinjection system.  
 Modelling Results and discussion 
A preliminary simulation study was conducted to verify the correctness of the 
particle-based model. During the simulation, a force was applied to the cell membrane, 
and the deformation of the cell was estimated.  For the simulation study, the model 
was developed in MATLAB (Yang 2005), and the model parameters were set 
according to some trial-and-error settings. The indentation force profile applied to the 
model was  derived from the real zebrafish embryo microinjection experiment reported 
in Youhua, Dong and Wenhao (2009).  
The cell membrane deformation response in a 3D view and the deformation 
projected in the xz-plane over the injection period for a set of particles is shown in 
Figure 3-4. 
 
Figure 3-4. Cell membrane deformation response: the 3D view and 
deformation projected in the xz-plane over the injection period. 
Micropipette force 
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The estimated results of the membrane deformation for two different particle 
numbers and, therefore, different membrane stiffness, were studied. Moreover, the 
effectiveness of including the spring-damper in the centre connection was studied. 
Firstly, there were 12 and 24 nodes at the individual horizontal and vertical circles. 
Then, a total of 12 and 36 nodes at the individual horizontal and vertical circles were 
tested. The cell membrane deformation response for each respective particle number 
is shown in Figure 3-4. The results were compared with the experimental  profile 
reported in Youhua, Dong and Wenhao (2009). As expected, when the membrane 
stiffness was changed, different deformation patterns were produced.  Nevertheless, it 
could be observed that the deformation profiles produced by the proposed particle-
based model under different configurations closely resembled that from the real 
zebrafish embryo deformation under the pressure of the micropipette, as shown by the 
black solid line in Figure 3-5.  In addition, the results denote that it is possible to ignore 
the connections between each particle and the centre particle. In this case, it is enough 
to represent the cell interior effect by just considering the hydraulic pressure. This 
could result in fewer number of equations to be solved, therefore shortening the 
calculation time. In summary, the observed results positively ascertain the correctness 
and robustness of the proposed particle-based model in producing accurate 
deformation profiles under different configurations. 
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Figure 3-5 Indentation force profile and zebrafish embryo deformation under 
micropipette pressure for two different particle numbers and membrane stiffness as 
well as with and without the centre connection are compared with the experimental 
data for embryos at blastula stage adapted from (Youhua, Dong & Wenhao 2009) 
 Summary 
The dynamics of the cells are exploited to formulate the proposed particle-
based model. Some assumptions are necessary, as follows.   
a) When non-adherent cells are suspended, a spherical shape is formed. These cells 
deform under certain stimulation.  They are able to return to  the initial shape upon  
release of the stimulation (Khoshmanesh et al. 2008). 
b) The Kelvin-Voigt liquid-like representation is used for the cell interior.  This 
representation satisfies the hydrodynamic compressibility condition surrounded by a 
viscoelastic cortical shell.  
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c) The particle-based model is devised with the aim to simulate the cell mechanics 
under manipulation.  The mechanical properties of the cell are the focal point of the 
model.    
d) A hybrid approach that comprises a cell wall model and an interior fluid model 
is used to produce the cell model.  
The spherical shell is divided into a set of discrete surface elements using a 
meshing algorithm. Then, a particle is assigned to the centre of each surface cell 
element.  Each particle is connected to the neighbour particles by a number of spring-
dashpot (dampers). They are also connected to the cell centre with an additional spring-
dashpot. This assumption aims to bring the lateral and axial movements of each 
particle due to an external stimulus. Given the particle model for the surface wall at 
any time step of simulation, the position of the adjacent cells is updated based on the 
updated spring, damping, and hydraulic forces. 
The preliminary simulation results show that the proposed particle-based model is able 
to produce deformation profiles that are similar to those from the real experiments. 
The next chapter focuses on the experimental setup and data collection for 
microinjection of zebrafish embryos.  The experimental data then are used in Chapter 
5 to determine and optimise the parameters of the proposed model in this chapter.  
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Chapter 4. Experiments on Zebrafish Embryo Injection 
To identify and validate the parameters of the proposed model in Chapter 3, a 
microrobotic force sensing system is developed. This force measurement system is 
capable of measuring and recording forces in the μN-mN range. It characterises the 
applied force to the chorion of zebrafish embryos. Quantitative relationships between 
the applied force and chorion structural deformation are established for blastula 
developmental stages.  It has been found that at the blastula stage, the mean penetration 
force for piercing embryos chorion is 737μN (Kim et al. 2004).  
This chapter describes the experimental setup, embryos preparation, collection 
and pre-processing of data samples. The collected data are used for the optimisation 
procedure described in Chapter 5.  
 Experimental setup 
The experimental setup consists of a microrobotic cell manipulation system 
integrated with a precision loadcell to measure the applied force toward indenting a 
zebrafish embryo. A data acquisition device is used to convert the analogue outputs 
from the loadcell to digital signals. The measurements are then recorded and analysed 
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using a computer. Figure 4.1 shows the experimental setup. The details of the setup 
are further described in section 4.2. The measured force and displacement of the 
embryo membrane are employed to estimate the parameters of the proposed model.  
 
 
 
Figure 4.1 The experimental setup used in this research 
 
The following section introduces the mapping framework for measuring the 
indentation force and deformation of the embryo’s membrane during the cell injection 
process. This forms the basis to estimate the parameters of the cell model. 
 Mapping framework 
Figure 4.1 exhibits the microrobotic force identification system. The system is 
equipped with two micro-manipulators comprising an injection glass micropipette and 
a holding pipette, a force measurement device, an optical microscope, and a computer. 
Camera 
Microscope 
Holding pipette 
Motorised stage 
Loadcell
Computer 
Micropipette 
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The glass micropipette is employed to penetrate the cell. The MP-285 motorised 
micro-manipulator from Sutter Instruments , which provides 3  Degree-of-Freedom 
(DOF), is used for fine motion of the micropipette so that it can move forward to touch 
and deform the target embryo. Each actuated DOF provides a linear range of 25mm 
with 0.04μm positioning resolution along each Cartesian coordinate. The MN-151 
(Narishige Inc.) positioning system (MN-151 Joystick Micromanipulator) with a 
workspace of 30×30×20mm, and a resolution of 1/30 mm in the Z direction and 1mm 
along both X and Y directions is also mounted on the vibration isolation table, which 
is integrated with a holding pipette in order to locate and hold (i.e. fixture) the 
suspended embryo (Figure 4.2 and Figure 4.3). 
 
 
Figure 4.2 The system is equipped with two micro-manipulators comprising an 
injection glass micropipette and a holding pipette 
 
Holding pipette Glass micropipette 
Embryo dish 
Loadcell 
Micromanipulator 
Microscope 
Micromanipulator 
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Figure 4.3 A close up view of the embryos in the dish, the glass micropipette 
and the holding pipette 
 
A GSO-10 (Transducer Techniques Inc., capacity: 100 (mN)) force sensor 
(GSO Series) with a 0.05 mN resolution is used to detect the chorion loading force. 
The micropipette is attached to the loadcell by a screw. The GSO-10 sensor is fastened 
onto the fixture mounted on the positioning micro-manipulator (Figure 4.4). The 
output is sampled through a data acquisition device (model: dSPACE 1103). The 
output signals from the cellular force sensor are digitised and filtered for noise 
rejection. In the filtering operation, the DC offset is rejected, while noise owing to the 
AC power source and high frequency noise are eliminated by a low-pass filter with a 
cutoff frequency of 20Hz.  
 
Holding pipette Glass micropipette 
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Figure 4.4 The loadcell (GSO-10 sensor) is fastened onto the fixture mounted 
on the positioning micro-manipulator 
 
The cell holding dish is placed in the view of the microscope lens. For high-
resolution imaging and research documentation, the Olympus XM10 monochrome 
digital camera with 1,376 x 1,032 pixels image resolution and a minimum of 15 fps 
(Olympus Corporation) is mounted on top of the Olympus SZX16 stereo optical 
microscope(Olympus Corporation). The camera provides visual feedback pertaining 
to the deformation of the embryo and the motion of the motorised stage. The micro-
manipulator is interfaced to a computer (Intel Core Duo CPU 2.66GHz, 4GB RAM) 
using a DAQ card (NI PCI-6259). The images of zebrafish embryos suspended in the 
culture medium during pipette loading are captured in real time. The computer is 
utilised as the control and monitoring system. All the devices (excluding the computer) 
are mounted on an anti-vibration table, in order to minimise vibration.  
GSO-10 sensor 
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 Zebrafish breeding and embryo collection  
Zebrafish was housed in an Aquatic Habitats aquarium facility at Deakin 
University Upper Animal House, which functioned on a 14 h light/10 h dark light-
cycle.  The fish was fed several times daily on a diet that included brine shrimp and 
high protein pellets. Spawning was stimulated at the beginning of the light cycle.  The 
resultant embryos were manually collected, and were allowed to develop in egg-water 
(2.5% (w/v) Na2HPO4; PH 6.0-6.3) at 28.5°C.  
4.3.1 Why Zebrafish 
In biological research, Zebrafish is an alternative vertebrate model because of 
its unique properties as compared with other vertebrate models.  This makes it a 
powerful organism to understand the role of genes during the development stage.  
Zebrafish is an inexpensive model, and has several advantages, as follows: 
- external fertilization 
- transparency of embryos 
- short generation interval (about 2-3 months) 
- small size 
- high productivity (about 200 eggs/week) 
- rapid development 
- low impact housing and maintenance 
The diameter of zebrafish eggs and embryos are practically about 0.7mm while a 
large mass of yolk is held in the cytoplasm (Wolpert et al. 2015). All the above-
mentioned factors make Zebrafish genetically amenable, readily accessible, and 
relatively inexpensive. 
Chapter 4. Experiments on Zebrafish Embryo Injection P a g e  | 59 
 
 Data collection 
The experiments were conducted at room temperature for several zebrafish 
embryos. The embryos were at the developmental stage between 1(h) and 6(h) after 
fertilization. The embryos were kept in a petri-dish containing E3 Medium during the 
micro-manipulation process. The target embryo was fixed by a glass holding micro-
pipette 100(μm) in inner diameter and 400(μm) in outer diameter, and pierced by a 
glass micro-pipette 30(μm) diameter and 40q right bevel (Figure 4.5).  
 
 
Figure 4.5 The target embryo was fixed by a glass holding micro-pipette and 
pierced by a glass micro-pipette 
 
After immobilising the embryo, the micro-pipette was set to a position in front 
of the centre of the embryo. This was performed using visual feedback from the 
microscope and the motorised micro-manipulator. The micro-pipette motion is 
controlled at two speeds, namely 100 μm/s, and 120μm/s, in order to determine 
whether the model parameters would vary owing to the speed of the micro-pipette 
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motion. Figure 4.6 depicts images of a zebrafish embryo’s membrane deformation 
during the indentation process by the glass micropipette. 
 
 
Figure 4.6 Images of the embryo during indentation process by the glass 
micropipette. The embryo is fixed and the micropipette motion is controlled by the 
motorised micro-manipulator 
 
Visual Studio C++ programming code was used to control the position and 
speed of the micro-manipulator, and to obtain the force measurement readings of the 
loadcell. Figure 4.7 shows a screenshot of the running program.  
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Figure 4.7  A Visual C++ program is used to control the micropipette 
movement and measure the force 
 
The measured force and time were recorded in a text file. The data file was 
imported to the MS Excel package for further data analysis. Figure 4.8 shows a chart 
of the force measurement for one zebrafish embryo, in which the glass micropipette 
moved towards the egg cell with a speed of 100μm/s.  
Because the micro-pipette moved with a constant velocity, the membrane 
deformation could be obtained by knowing the velocity and time (i.e. ݀ ൌ ݒ כ ݐ). 
Therefore, the force-deformation pattern of the embryos owing to the micro-pipette 
penetration force could be obtained. 
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Figure 4.8 Indentation force measured by the experimental setup for one 
zebrafish embryo, the micropipette speed is 100μm/s 
 
 Data analysis 
In order to use the collected data for optimisation purposes, MATLAB R2012b 
is employed to pre-process the raw data. The first step is to identify the starting point 
(i.e. when the force was zero, or the point that the micro-pipette touched the 
membrane). To determine the starting point, the zero point is found by linear 
interpolation at the beginning of the area that the slope of the force-time chart remains 
positive. Figure 4.9 depicts the result for the data shown in Figure 4.8. 
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Figure 4.9 Pre-processed data from Figure 4.8 
 
As explained before, the experiments were performed with two different speeds 
for the glass micropipette, i.e. 100μm/s and 120μm/s. The data samples of 10 zebrafish 
embryos for each speed setting were collected. All ten data sets of force-time records 
were combined, and the moving average of the data sample was calculated. The results 
are illustrated in Figure 4.10 and Figure 4.11. Moreover, the collected and processed 
data for each sample embryo are presented in Table 1A and Table 2A in Appendix A. 
Furthermore, all the thesis data are available for download in CSV format from Deakin 
University Library online repository (Deakin Research Online). 
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Figure 4.10. Real indentation force-deformation pattern measured in the 
experiment (blue dots) and the correlated mean value of indentation force measure 
(red squares) for micropipette speed of 100μm/s for 10 individual embryos. 
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Figure 4.11. Real indentation force-deformation pattern measured in the 
experiment (blue dots) and the correlated mean value of indentation force measure 
(red squares) for micropipette speed of 120μm/s for 10 individual embryos
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Based on these experimental data, a Genetic Algorithm is used to optimise the 
parameters of the proposed embryo model. The details of the Genetic Algorithm and 
the results are discussed in the next chapter. 
 Summary 
A force measurement system capable of measuring and recording forces in the 
μN–mN range has been established to measure the applied force to the cell. It has been 
developed using a precision loadcell (GSO-10, Transducer techniques, capacity: 
100 (mN), resolution: 0.05 (mN)). A data acquisition device has been used to convert 
the analogue outputs from the loadcell to digital signals.  The measurements have been 
recorded and analysed. The experimental setup is depicted in Figure 4.1. The details 
of the setup have been described in section 4.1.  
The measurement process has been repeated for 10 several embryos for two 
different micro-pipette movement speeds, in order to validate and optimise the 
proposed cell model parameters. Some pre-processing steps have been conducted to 
identify the point when the micropipette touched the membrane and when the 
penetration happened (i.e. the force reached its maximum value). An additional pre-
processing step is to average the collected force measurement to produce a set of 
reliable data. The experimental data represent the range of the applied force and 
deformation of the membrane, which is normally encountered by a cell during the 
microinjection process. The experimental data can be used to optimise the proposed 
cell model parameters using a Genetic Algorithm. The parameter optimisation process 
and the GA are explained in the next chapter. 
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Chapter 5. Parameter Identification and Optimisation 
The primary challenge in applying the proposed model to a real microinjection 
process is setting the parameters of the proposed model. The diverse nature of 
dissimilar cells with various mechanical properties such as viscoelasticity, 
compressibility etc. are the necessary model parameters to represent the characteristics 
of each cell. Intrinsically, there is an obvious requirement to develop a generic and 
comprehensive model that is able to cover the characteristics of a range of dissimilar 
cells. 
In this chapter, the Genetic Algorithm (GA) is adopted to search for the 
optimum parameters of the cell model presented in Chapter 3. Specifically, the GA is 
used to tune the parameters according to the real experiment data.  Owing to a small 
size of data samples, the cross validation method is carried out to gain a deeper insight 
into the proposed model and to validate the simulation results in an acceptable 
duration. Analysis and assessment of the results show that the tuned parameters 
produce accurate and stable predictions.  
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 Genetic Algorithm 
Evolutionary search algorithms, which are probabilistic optimisation 
algorithms based on the phenomenon of natural evolution, are well established as one 
of the most vigorous search methods in recent years (Golberg 1989; Harman, Mansouri 
& Zhang 2009; Srinivas & Patnaik 1994). The best known evolutionary algorithm is 
probably the GA, which has received significant attention all over the world. 
Theoretically and empirically, GA has been proved to be able to deliver a robust search 
in complex search spaces. Many research papers and studies have ascertained the 
cogency of the GA approach to function optimisation and other application problems 
(Konak, Coit & Smith 2006; Tang et al. 1996). The principles of the GA originate from 
natural genetic processes. It comprises terms like gene, chromosomes, offspring, 
generation, crossover, and mutation. The GA starts with a randomly generated 
population of chromosomes as the initial solution. A fitness or evaluation function 
calculates the objective value of a given problem. The algorithm advances by selecting 
some chromosomes according to certain selection criteria and rejecting the weak ones. 
Subsequently, it develops offspring by employing a reproduction process, namely 
crossover and mutation, to recombine and develop a new generation. This process 
iterates in a number of generations until the algorithm converges to the best solution, 
or reaches the stopping criterion specified for a given problem. 
The GA possesses different characteristics as compared with other optimisation 
techniques (Gen & Cheng 2000; Golberg 1989). First of all, instead of a deterministic 
search, the GA executes a stochastic search, which is operative in finding the optimum 
solution in many intricate systems. Secondly, the GA considers various points in the 
search space at the same time. This rises the probability of finding the global optimum 
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answer, instead of a local one. Thirdly, there is no need for information about the 
structure or parameters of the problem in GA owing to its principle in working with 
the chromosome space that is not problem dependent (Harman, Mansouri & Zhang 
2009). Therefore, the efficiency and robustness of the GA offers a good opportunity 
to apply this technique as an optimisation mean for parameter tuning of the proposed 
model. Section 5.3 describes the structure of GA for the current problem. 
 Related works 
Bäck and Schwefel (1993) compared the three main streams of evolutionary 
algorithms (EAs): evolution strategies (ESs), evolutionary programming (EP), and 
GAs. In their work, the representation scheme of object variables, mutation, 
recombination, and the selection operator comprise of EAs was compared. 
Furthermore, they formulated each algorithm in a high-level as an example of the 
general, unifying basic algorithm. In regards to the theoretical results of the algorithms, 
it is a notable fact that different features are accentuated by each algorithm. They 
showed that although in GAs, the status of (pure random) mutation is typically 
understood to be of secondary importance, both ESs and EP focus on mutation as the 
foremost search operator. Conversely, recombination is completely absent in EP, while 
it has a key role in GAs, and is directly indispensable for use in association with self-
adaptation in ESs. They also mentioned the strict denial of recombination for the 
search as one of the features of EP. Additionally, both EP and GAs focus on a 
probabilistic selection mechanism, whereas ES selection is totally deterministic 
without any requirement for including probabilistic directions. Dissimilarly, GAs 
normally allocate a preservative selection mechanism, i.e. a nonzero selection 
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probability to each individual, while both ES and EP use extinctive selection 
mechanisms, i.e. they eliminate some individuals from being selected for reproduction.  
Cantó, Curiel and Martínez-Gómez (2009) presented an Asexual Genetic 
Algorithm (AGA) for optimisation. They applied this algorithm to two problems: a) 
maximise a function where classical methods are unsuccessful; b) minimise the chi-
square function to estimate the parameters in model fitting in astronomy. Based on 
some complex functions, they could get the maxima within a small number of 
iterations. For astronomical model fitting, they estimated the parameters and their 
related inaccuracies. 
Esmaeilbeigi and Hosseini (2014) proposed using the genetic algorithm to 
regulate the radial basis function (RBF) parameters to solve partial differential 
equations. They used a meshless collocation method, which was constructed based on 
Kansa’s method (the RBF) to solve partial differential equations. Correspondingly, 
they contemplated the truncated singular value decomposition method (TSVD) for 
solving systems with linear equations because of the rigorously ill-conditioned matrix 
arising from using the RBF. The numerical results demonstrated that their suggested 
algorithm, which was based on the GA, was operative and was able to deliver a rational 
shape parameter accompanied by satisfactory accuracy of the solution. 
The next section explains the parameters and structure of the GA implemented 
in this research. 
 Genetic Algorithm parameters 
To identify and optimise the parameters of the proposed model in Chapter 3, 
the GA is used for one configurations of membrane meshing and particle numbers in 
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the cell model, e.g. with a total number of 12 nodes on the vertical circles and 24 nodes 
on the horizontal circles of the membrane (ii=12, jj=24). Computer simulation of the 
GA with the following details is implemented. 
5.3.1 Size of Population (Npop)  
The population comprises 20 chromosomes, i.e., ܿଵǡ௧ ܿଶ௧ǡ ǥ ǡ ܿே௧ ǡ ݂݋ݎܰ ൌ ʹͲǡ 
where each solution, ܿ௜௧ǡ ݂݋ݎ݅ ൌ ͳǡǥ ǡܰ, indicates chromosome ݅ in iteration ݐ.   
5.3.2 Chromosome structure and length 
The genetic exemplification of the solution is represented by the chromosome 
structure. The present problem includes seven parameters. Consequently, a vector is 
used to describe a chromosome with 7 genes, i.e., ܿ௜௧ ൌ ݃௜ଵ௧ ݃௜ଶ௧ ǥ݃௜௠௧ ǡ ݂݋ݎ݉ ൌ ͹. 
Each gene represents one of the model parameters in sequence, as follows.  
ࢉ ൌ  ሼ݇ଵǡ ݇ଶǡ ǥ ሽ. (5.1) 
5.3.3 Initial population 
To start the optimisation process using the GA, a preliminary population, ܲሺͲሻ, 
is formed based on random generation of the parameters. It complies with the 
constraints of the problem. As all the parameters should be positive (i.e., mass, 
elasticity and viscosity factors, and compressibility coefficient), not only the constraint 
of being more than 0 is applied to the parameters, but the absolute value of genes are 
used as well.  
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5.3.4 Cost function 
A fitness function, ܥ݂݋ݑݐሺܿ௜௧ሻ, which computes the Mean Square Error (MSE), 
is formulated for  the calculated indentation force and the experimental measured 
force, and the calculated membrane deformation and the experimental measured 
indentation caused by the micropipette. The aim is to generalise the performance of 
the proposed model by tuning its parameters in a way to satisfy the force and position 
plot of the indenting point during the microinjection process. To do so, the proposed 
model applies the training data sets and calculates the mean of MSEs measured for 
each individual embryo. 
ܥ݂݋ݑݐሺܿ௜௧ሻ ൌ ܯ݁ܽ݊ ቀܯܵܧ൫หܨ௠௢ௗ௘௟ െܨ௘௫௣௘௥௜௠௘௡௧ห൯ ൅ ܯܵܧ൫ห݀௠௢ௗ௘௟ െ
݀௘௫௣௘௥௜௠௘௡௧ห൯ቁ (5.2) 
where ܨstands for the micropipette force during the microinjection process, 
ܨ௠௢ௗ௘௟corresponds to the values calculated by the cell model, and ܨ௘௫௣௘௥௜௠௘௡௧ 
corresponds to the real values measured from the real zebrafish embryo indentation 
experiment and ݀stands for the displacement of the micropipette or correspondingly 
deformation of the cell membrane during the microinjection process, 
݀௠௢ௗ௘௟corresponds to the values calculated by the cell model, and ݀௘௫௣௘௥௜௠௘௡௧ 
corresponds to the real values measured from the real zebrafish embryo indentation 
experiment. There are two sets of data samples for two micropipette speeds (100μm/s 
and 120μm/s). Each set includes 10 subsets that are used to regulate the training sets. 
By using the cost function, the GA is able to explore in a search space, and achieves 
the best value that is well-suited for viscoelastic embryo microinjection.  
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5.3.5 Genetic operators 
Three most frequently used genetic operators, reproduction, crossover, and 
mutation, are used in this work. Reproduction is used to create a new generation with 
an exclusive selection condition from the good individual solutions. The next 
generation is generated from parents which have been identified by the selection 
condition. The solutions that satisfy the condition are deemed as good chromosomes, 
they survive and move to the next iteration ሺݐ ൅ ͳሻ to produce offspring. The 
remaining chromosomes are removed from the population. The uniform selection 
function is employed in this research.  
5.3.6 Closure test 
In this research, the stopping criterion is the time that the average variation in 
the fitness value is smaller than 1e-5, which indicates convergence of the search 
process to the optimum value. 
In summary, the parameters used in GA are as follows:  
x Number of variables: ௩ܰ௔௥ ൌ ͹ǡ 
x Population size: ௣ܰ௢௣ ൌ ʹͲǡ 
x Stopping condition: the average variation in the fitness value is smaller than 
1e-5.  
 Genetic Algorithm operation  
Based on the computer simulation, the proposed cell model is implemented to 
predict the deformation and the indentation force applied to cell membrane. The 
parameters are tuned by using the following fitness function. 
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݂ ൌ ቄܯ݁ܽ݊ ቀܯܵܧ൫หܨ௠௢ௗ௘௟ െܨ௘௫௣௘௥௜௠௘௡௧ห൯ ൅ܯܵܧ൫ห݀௠௢ௗ௘௟ െ
݀௘௫௣௘௥௜௠௘௡௧ห൯ቁቅ, (5.1) 
where, ܨ௠௢ௗ௘௟ is the indentation force calculated by the proposed model, ܨ௘௫௣௘௥௜௠௘௡௧ 
is the measured force derived from the experimental data, ݀௠௢ௗ௘௟ is the deformation 
of the membrane at the indentation point calculated by the model and ݀௘௫௣௘௥௜௠௘௡௧ is 
the displacement of the micropipette derived from the experimental data. 
In this study, the GA finds the near optimal values for (݇ͳǡ ݇ʹǡ ݉ǡ ݉௖ǡ ܾǡ
ߚሻof the equations of motion (Equations (3.9)-(3.120)) and the incompressibility 
factor (Equations (3.16)-(3.19)) in the proposed model. Depending on the achieved 
parameters, the particle-based model predicts the deformation and indentation force of 
the embryo membrane. During the optimisation procedure, in each fitness function 
call, the average MSE is calculated for the entire training data set. So, a scalar value 
from the fitness function is obtained for each member of the population. Before 
continuing with the next generation, fit individuals of the population are specified by 
the minimum fitness values to reproduce the new generation. 
 Modelling-based optimisation study 
5.5.1 Data collection experiment 
As explained in Chapter 4, two sets of experimental data which differ in the 
speed of micropipette were collected using a microrobotic force sensing system. The 
measurement setup comprised a microrobotic cell manipulation system combined with 
a precision loadcell to measure the indentation force to a zebrafish embryo. 
Correspondingly, to convert the analogue outputs from the loadcell to digital signals, 
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a data acquisition device was used. The measurements were recorded and analysed 
using a computer. The system captured the position of the moving micropipette, i.e. 
the deformation of the embryo membrane, as well as the micropipette force during the 
indentation process. A total of 20 embryos data samples pertaining to two speeds of 
the indenting micropipette were collected. As explained in Chapter 4 section 4.5, the 
collected data set was pre-processed, i.e., measurements pertaining to the time before 
the micropipette touched the embryo and the time that penetration happened were 
removed from the collected data set. Then the moving average of force-time was 
calculated for embryo. Appendix A presents the overall results of the collected data 
for zebrafish embryos for different micropipette speeds that the experiment was 
conducted, where t is time, d is the deformation of the membrane on the indentation 
point, and F is the average of the micropipette force measured by the system for 
individual zebrafish embryos. 
Finally, the average of force-deformation pattern for all 10 sets of data for each 
investigated micropipette speed is calculated. As a result, a total of 583 and 418 points 
samples were formed for embryos with micropipette speed of 100μm/s and 120μm/s 
respectively. 
5.5.2 Cross-validation 
A key issue in simulations and modellings, neural network, training systems 
and related areas is to acquire a precise evaluation for the capability of a learning 
algorithm which is trained by a limited data set. Training error, different cross-
validation estimates, and the holdout estimate are some of the most prominent 
evaluations that have been put forward so far. For each of these assessments, the 
expectation is that for a genuinely wide class of learning calculations, the evaluation 
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error will be near the true error. Cross-validation has been used to demonstrate the 
correlation between experimentally observed and predicted data in different research 
fields (Arango et al. 2004; Nasir et al. 2014). Leave-one-out cross-validation estimate 
is one of the expedient versions of training/test sets (Dong & Wang 2011; Kearns & 
Ron 1999). Therefore, leave-one-out cross-validation is in extensive use to 
experimental model selection (Cancelliere et al. 2015; Chen et al. 2005), mainly when 
data set is sizably small. Leave-one-out cross-validation method also addresses the 
potential problematic of over-fitting through an information leak (van 't Veer et al. 
2002). The accuracy measures in leave-one-out cross-validation are obtained as fol-
lows: the learning algorithm is run n times, every time one the n training samples is 
deleted. Then, the resultant hypothesis is verified on the training sample that was 
removed. 
In this section, in order to validate the accuracy of the predictions with the 
optimised parameters the Leave-one-out cross-validation approach is used. By using 
this method, it is conceivable to accomplish more accurate validation results using the 
finite data samples.   
The experimental data collected are in two main sets of micropipette speed of 
100μm/s and 120μm/s (The overall measurement results are summarized in Tables 1A 
and 2A in Appendix A), in which each main set contains ten sets of force-deformation 
measurements for ten different zebrafish embryos. The procedure for leave-one-out 
cross-validation for each data set of different micropipette speeds is as follows:  
1- Leave one sample out. Define a subset that comprises the average force-
deformation data of the rest nine embryos. 
2- The defined subset is applied as the training data in the GA 
Chapter 5. Parameter Identification and Optimisation P a g e  | 77 
 
 
3- The deleted sample is used as the test data 
4- Repeat steps 1-3 for all 10 samples 
 Optimisation and simulation results 
As mentioned above, data from Table 1A and Table 2A in Appendix A were 
used to identify and optimise the parameters of the proposed model by GA and validate 
the results. These tables contain the time, deformation and correspondent measured 
force between the points that the micropipette touches the membrane and the points 
that penetration happens.  
The model developed in chapter 3 is based on a meshing algorithm which 
divides the cell membrane into ii number of nodes on the vertical circles and jj number 
of nodes on the horizontal circles. By changing the number of meshes, the parameters 
in the model change. As it is shown in the preliminary results of the Chapter 3, the 
results from two meshing/ particle numbers, i.e., ii=12, jj=24 and ii=12, jj=36 are quite 
close to each other. Therefore, in this work the optimisation is performed for just one 
set of mesh/particle number of the membrane. Clearly, further research will be required 
to verify the optimized number of particles. 
Figure 5.2 and Figure 5.2 depict the best and mean value of the fitness function 
during the optimisation process of the GA for micropipette speed of 120μm/s and 
100μm/s respectively for one of the Leave-One-Out cross-validation GA runs. 
Figure 5.3 and Figure 5.4 demonstrate the best value of the fitness function in the 
previous figures in closer view. As can be seen, the optimisation process converges to 
the best value (with the stopping criterion satisfied) after about 50 iterations.  
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Figure 5.1. The best and mean value of the fitness function during the 
optimisation process for micropipette speed of 120μm/s and (12×24) particles 
 
 
Figure 5.2. The best and mean value of the fitness function during the 
optimisation process for micropipette speed of 100μm/s and (12×24) particles  
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Figure 5.3. The best value of the fitness function during the optimisation 
process for micropipette speed of 120μm/s and (12×24) particles. Closer view of 
Figure 5.1 
 
 
Figure 5.4. The best value of the fitness function during the optimisation 
process for micropipette speed of 100μm/s and (12×24) particles. Closer view of 
Figure 5.2 
 
Consequently, the parameters calculated by the GA from each data subset are 
employed in the proposed model to predict the indentation force and deformation 
pattern of the membrane for the related micropipette speed. The results are then 
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compared to the experimental data for each sample embryo presented in Figure 4.10 
and Figure 4.11. This methodology was developed to compare the result of the model 
prediction against mean of the experimental data, in a meshing algorithm. Results for 
each of the ten embryo for the micropipette speed of 120μm/s and 100μm/s are 
depicted in Figure 5.5 and Figure 5.6 respectively, where solid red lines are force-
deformation curve predicted by the proposed model using the GA result from the 
leaving the nth embryo out and the blue scattered dots are experimental data collected 
for the nth embryo. The GA optimised results are used to set the parameters of the 
model for these runs. 
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Figure 5.5. Force-deformation curve for experimental results (blue dots) and 
GA result from the leave-one-out subsets for each embryo (red lines) with micropipette 
speed of v=120μm/s 
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Figure 5.6. Force-deformation curve for experimental results (blue dots) and 
GA result from the leave-one-out subsets for each embryo (red lines) with micropipette 
speed of v=100μm
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Furthermore, the average of the experimental collected records (blue scattered 
dots) and the average of force-deformation curve predicted by the proposed model 
using GA optimised parameters (red solid lines) are represented in Figure 5.7 and 
Figure 5.8 for micropipette speed of 120μm/s and 100μm/s respectively. 
 
 
Figure 5.7. The average of force-deformation curve predicted by the proposed 
model using the GA optimised results (red line) and the average of the experimental 
collected data (blue dots) for embryos with micropipette speed of v=120μm/s 
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Figure 5.8. The average of force-deformation curve predicted by the proposed 
model using the GA optimised results (red line) and the average of the experimental 
collected data (blue dots) for embryos with micropipette speed of v=100μm/s 
 
As expected, it could be observed that the deformation profiles produced by the 
proposed particle-based model under different configurations closely resembled that 
from the real zebrafish embryo deformation under the pressure of micropipette. 
Nevertheless, it is expected that when the number of nodes is changed, different 
deformation patterns are produced, this can lead to the idea of optimising the number 
of nodes in the meshing algorithm to be able to produce more accurate results from the 
model. In summary, the observed results positively ascertain the correctness and 
robustness of the proposed particle-based model in producing accurate deformation 
profiles under different configurations. 
 Summary 
To sum up the content of this chapter, the GA is employed to investigate the 
optimised parameters of the proposed particle based cell model. The developed model 
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evolves the initial embryo model by tuning the parameters using the GA. The model 
parameters are optimised by carrying out the optimisation process according to the 
proposed fitness function. The fitness function is formulated to minimise the MSE 
between the calculated results and the real experimental data. To obtain accurate 
results from the embryo model, the GA parameters and operations are defined in this 
chapter.  
The Leave-One-Out cross validation method is carried out to fully exploit the 
collected data for training and testing purposes. In this context, ten subsets are 
developed by adding all the collected data from 9 embryos out of ten tested embryos 
and leaving one embryo out at each subset. These subsets are applied for GA training 
and the set for the left embryo is used for testing and validating the results. To validate 
the optimised model against the experimental data, the predicted force-deformation 
curves generated by the model are compared with the test samples. The simulation 
outcomes reveal that the proposed model is capable of predicting the indentation force 
during the microinjection process. However, by optimising the membrane mesh 
numbers more accurate results can be achieved. Moreover, more precise results can be 
obtained if the whole cell membrane deformation data set is collected to optimise the 
parameters of the model. For future work, an image processing technique can be 
employed to acquire deformation of the embryo in the microinjection process. In this 
case, the image of the embryo can be meshed as the proposed model to correlate the 
nodes for more accurate results. 
 
Chapter 6. Conclusions and Suggestions for Further Research P a g e  | 86 
 
 
Chapter 6. Conclusions and Suggestions for Further 
Research 
This chapter summarises the main contributions of this thesis.  
Conclusions to the research conducted are drawn, and recommendations 
for future work are made. 
 Conclusion 
Microinjection has been shown to be a functional technique to infuse foreign 
materials into biological cells. In a microinjection procedure, the external material is 
introduced to the cell by a glass micropipette which heads for the cell or embryo. The 
injection success rate and the structure of the membrane are influenced by the 
mechanical interactions with the injecting object such as the amount of the exerted 
force, direction and speed of the micropipette, membrane elasticity and viscosity 
attributes, incompressibility, maximum stress and strain capability of the cells. As a 
result, measuring and/or predicting the indentation force during the microinjection 
process has been an imprecise and a challenging issue in this field.  
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This research has developed a novel 3D particle based cell model that is helpful 
for comprehension of force communication in bio-micromanipulation, especially 
embryos microinjection practice.  The research has achieved its aim, i.e., to derive and 
formulate an effective 3D particle-based cell model that is able to accurately estimate 
the membrane deformation and indentation force during the microinjection process of 
an individual cell. In this respect, the following outcomes have been achieved in this 
research: 
¾ A mechanical cell model has been proposed and formulated. To take the 
advantage of different mechanical modelling approaches, the proposed 3D 
particle-based model incorporates both continuum and microstructural cell 
modelling techniques. The proposed model contemplates the effects of the 
embryo yolk to the cell silhouette, membrane mechanical properties, cell 
liquid-like characteristic, and the external executed forces such as the 
micropipette tip forces. The Discrete Element Method (DEM) has been 
employed to model the viscoelastic membrane. Additionally, viscoelasticity 
and incompressibility of the cell inner material are simulated by utilising 
the Kelvin-Voigt spring-damper model and hydraulic pressure interactions. 
Given the speed of the injection micropipette, the position of the membrane 
particles can be computed at any time step of the modelling process. Spring, 
damping and hydraulic forces, are all reflected in cell modelling to compute 
the position of each membrane particle.  
¾ A micro-robotic system for collecting experimental data pertaining to 
indentation force and deformation of zebrafish embryos at blastula stage in 
a microinjection process has been established. The system measures and 
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records forces in the μN–mN range as well as the time and the speed of the 
micropipette. The measurements from several embryos have been recorded 
and analysed with different micro-pipette movement speeds. The 
accumulated data have been pre-processed to find the point when the 
indentation starts and also to obtain the average force measurement such 
that a set of dependable data can be produced. Therefore, the micro-pipette 
speed is regulated at two speeds, 100, and 120 μm/sec, with the purpose of 
producing two data sets for parameter optimisation and model validation. 
¾ Parameters of the proposed model have been optimised with a genetic 
algorithm. Specifically, parameters of the model have been derived based 
on real experimental data of zebrafish embryo microinjection. The 
computational results demonstrate that the proposed particle-based model 
is able to produce deformation profiles that are similar to those from real 
experiments. 
 
The proposed model is useful in many applications. A potential application is 
to replicate the cell deformation response and indentation force over the microinjection 
period. The cell indentation forces can then be haptically rendered to provide the force 
feedback to the operator’s hand during the cell injection process (Ghanbari et al. 2010). 
In addition, the proposed model can be used to simulate a microinjection process for 
virtual training of microinjection operators. 
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 Suggestions for future work 
Although the results presented in this thesis have demonstrated the 
effectiveness of the proposed 3D particle based model for cell microinjection, it could 
be further developed and enhanced in a number of ways: 
a)  Extending the parameter optimisation algorithm to include the whole 
membrane deformation: 
The genetic algorithm takes into account both the indentation force and the 
displacement of the indented point on the membrane to optimise the model 
parameters. Such representations may, in some ways, not be well adapted 
to describe the whole cell deformation. By incorporating the maximum 
stress/strain that the membrane can tolerate as well as other membrane 
particles displacements into the GA optimisation process, more reliable 
results can be obtained. This would lead to a more accurate outcome for 
force and deformation prediction. In addition, an image processing 
technique can be employed to acquire deformation of the embryo during 
the microinjection process. In this case, the embryo image can be meshed 
as the proposed model to correlate the nodes for achieving more accurate 
results. 
b)  Finding the optimum number of particles 
In term of speed of the simulation model and accuracy of the results, the 
number of particles on the membrane plays an important role. By running 
an optimisation process to estimate the best number of particles on the 
membrane, it could provide reliable structure for the model, leading to fast 
computation and time efficiency.  
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c)  Collecting more experimental data and training the system 
In principle, the proposed model can calculate the deformation and applied 
force of the embryo’s membrane during the course of a microinjection 
procedure. However, a series of comprehensive experiments can be 
conducted with real eggs in different stages of developments to measure 
the indentation force and membrane deformation. Neural network models 
can also be employed to train the system in order to produce a realistic 
virtual experiment for real microinjection preparation purposes. 
It is clear that further research can be conducted in the area of cell modelling. 
A direct extension of this research is by means of using more detailed experimental 
data to model and validate the properties of the cell membrane accurately and 
precisely. 
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Table 1A. Experimental data collected for 10 individual embryo with for 
micropipette speed of 100μm/s 
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10 
Embryo 
9 
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N
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d(μm
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Tim
e(m
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N
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d(μm
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Tim
e(m
s) 
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N
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d(μm
) 
Tim
e(m
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N
) 
d(μm
) 
Tim
e(m
s) 
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N
) 
d(μm
) 
Tim
e(m
s) 
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N
) 
d(μm
) 
Tim
e(m
s) 
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N
) 
d(μm
) 
Tim
e(m
s) 
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N
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d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(s) 
0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 
0.18014 
6.9783 
70 
0.18014 
5.0446 
50 
0.15295 
4.5563 
46 
0.06458 
5.3069 
53 
0.05438 
5.2571 
53 
0.08837 
4.8372 
48 
0.11216 
6.6846 
67 
0.12915 
7.2381 
72 
0.07817 
3.8812 
39 
0.02379 
2.1304 
21 
0.09517 
14.0783 
141 
0.15634 
12.2446 
122 
0.10196 
12.4563 
125 
0.12236 
12.2069 
122 
0.18693 
13.3571 
134 
0.09856 
12.9372 
129 
0.07477 
14.7846 
148 
0.06798 
15.2381 
152 
0.11216 
11.7812 
118 
0.20393 
10.1304 
101 
0.05778 
21.9783 
220 
0.25831 
20.1446 
201 
0.02379 
19.5563 
196 
0.01360 
20.3069 
203 
0.20053 
21.2571 
213 
0.08837 
20.8372 
208 
0.02719 
22.6846 
227 
0.16654 
23.2381 
232 
0.07477 
19.8812 
199 
0.01360 
18.2304 
182 
0.13595 
29.9783 
300 
0.08497 
28.0446 
280 
0.10876 
27.5563 
276 
0.22772 
28.2069 
282 
0.01360 
29.2571 
293 
0.02039 
27.9372 
279 
0.07477 
30.6846 
307 
0.09517 
31.3381 
313 
0.13595 
27.8812 
279 
0.02379 
26.1304 
261 
0.15974 
37.9783 
380 
0.16994 
36.0446 
360 
0.12236 
35.5563 
356 
0.11556 
36.2069 
362 
0.05438 
37.2571 
373 
0.20393 
35.8372 
358 
0.08837 
37.6846 
377 
0.04758 
38.2381 
382 
0.05778 
34.8812 
349 
0.03059 
34.1304 
341 
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0.13935 
45.9783 
460 
0.14955 
44.0446 
440 
0.13255 
43.5563 
436 
0.15634 
44.2069 
442 
0.21752 
44.2571 
443 
0.20393 
43.8372 
438 
0.01699 
45.7846 
458 
0.28890 
46.4381 
464 
0.11216 
42.9812 
430 
0.15295 
41.1304 
411 
0.09856 
52.9783 
530 
0.14955 
51.0446 
510 
0.05098 
51.4563 
515 
0.26511 
51.2069 
512 
0.05438 
52.2571 
523 
0.20393 
51.8372 
518 
0.14615 
53.7846 
538 
0.38746 
54.2381 
542 
0.20053 
50.7812 
508 
0.10196 
49.1304 
491 
0.24811 
60.9783 
610 
0.26511 
59.0446 
590 
0.24131 
58.4563 
585 
0.06118 
59.2069 
592 
0.09856 
60.2571 
603 
0.13595 
59.8372 
598 
0.07137 
61.7846 
618 
0.21752 
62.3381 
623 
0.21073 
58.7812 
588 
0.02039 
57.1304 
571 
0.09856 
69.0783 
691 
0.24131 
67.1446 
671 
0.08837 
66.4563 
665 
0.27870 
67.3069 
673 
0.12236 
68.3571 
684 
0.15974 
66.8372 
668 
0.12576 
69.7846 
698 
0.23792 
70.2381 
702 
0.23112 
66.7812 
668 
0.03399 
65.1304 
651 
0.06458 
76.9783 
770 
0.27190 
75.0446 
750 
0.22772 
74.5563 
746 
0.20053 
75.3069 
753 
0.16994 
76.2571 
763 
0.05778 
74.8372 
748 
0.17334 
76.7846 
768 
0.28210 
77.2381 
772 
0.29569 
73.7812 
738 
0.04758 
73.2304 
732 
0.18353 
84.9783 
850 
0.40446 
83.0446 
830 
0.19713 
82.4563 
825 
0.25831 
83.2069 
832 
0.24131 
83.3571 
834 
0.44524 
82.9372 
829 
0.01360 
84.7846 
848 
0.06118 
85.2381 
852 
0.25831 
81.8812 
819 
0.08837 
80.1304 
801 
0.27190 
91.9783 
920 
0.39426 
90.1446 
901 
0.26850 
90.4563 
905 
0.32289 
90.3069 
903 
0.20053 
91.2571 
913 
0.20733 
90.8372 
908 
0.12576 
92.6846 
927 
0.27190 
93.2381 
932 
0.23452 
89.7812 
898 
0.08837 
88.2304 
882 
0.29909 
99.9783 
1000 
0.31949 
98.1446 
981 
0.09517 
97.4563 
975 
0.20733 
98.2069 
982 
0.18014 
99.2571 
993 
0.31609 
98.8372 
988 
0.16314 
100.6846 
1007 
0.15634 
101.3381 
1013 
0.33308 
97.8812 
979 
0.14615 
96.1304 
961 
0.24471 
107.9783 
1080 
0.52681 
106.0446 
1060 
0.26171 
105.5563 
1056 
0.29569 
106.2069 
1062 
0.24471 
107.2571 
1073 
0.42145 
105.8372 
1058 
0.06798 
108.6846 
1087 
0.24131 
109.2381 
1092 
0.20053 
105.7813 
1058 
0.17674 
104.1304 
1041 
0.38746 
115.9783 
1160 
0.47923 
114.0446 
1140 
0.24471 
113.5563 
1136 
0.33988 
114.2069 
1142 
0.40106 
115.2571 
1153 
0.42825 
113.8372 
1138 
0.10876 
115.6846 
1157 
0.24811 
116.4381 
1164 
0.38066 
112.8813 
1129 
0.14615 
112.1304 
1121 
0.34668 
124.0783 
1241 
0.32968 
122.2446 
1222 
0.20733 
121.5563 
1216 
0.38066 
122.2069 
1222 
0.31609 
122.2571 
1223 
0.27190 
121.8372 
1218 
0.17674 
123.7846 
1238 
0.37727 
124.2381 
1242 
0.34668 
120.7813 
1208 
0.24811 
119.1304 
1191 
0.26171 
130.9783 
1310 
0.50302 
129.0446 
1290 
0.33648 
129.6563 
1297 
0.29230 
129.2069 
1292 
0.41465 
130.2571 
1303 
0.49962 
129.8372 
1298 
0.10876 
131.7846 
1318 
0.18014 
132.2381 
1322 
0.31949 
128.7813 
1288 
0.25151 
127.1304 
1271 
0.42485 
139.0783 
1391 
0.50982 
137.1446 
1371 
0.27870 
136.4563 
1365 
0.47583 
137.2069 
1372 
0.39086 
138.3571 
1384 
0.53021 
137.9372 
1379 
0.15634 
139.8846 
1399 
0.39766 
140.3381 
1403 
0.47923 
136.7813 
1368 
0.22432 
135.1304 
1351 
0.41805 
146.9783 
1470 
0.49962 
145.0446 
1450 
0.38406 
144.5563 
1446 
0.35687 
145.3069 
1453 
0.38066 
146.2571 
1463 
0.25831 
144.8372 
1448 
0.25831 
147.7846 
1478 
0.25831 
148.2381 
1482 
0.28890 
144.8813 
1449 
0.30249 
143.3304 
1433 
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0.49962 
154.9783 
1550 
0.57440 
153.1446 
1531 
0.31609 
152.4563 
1525 
0.42145 
153.2069 
1532 
0.53021 
154.2571 
1543 
0.52001 
152.9372 
1529 
0.09517 
154.8846 
1549 
0.23452 
155.2381 
1552 
0.44524 
151.7813 
1518 
0.23792 
151.1304 
1511 
0.39766 
162.9783 
1630 
0.45544 
161.1446 
1611 
0.26511 
160.4563 
1605 
0.48943 
161.2069 
1612 
0.29909 
161.2571 
1613 
0.45204 
160.8372 
1608 
0.13595 
162.7846 
1628 
0.38406 
163.2381 
1632 
0.57779 
159.8813 
1599 
0.14275 
158.2304 
1582 
0.45544 
169.9783 
1700 
0.60498 
168.1446 
1681 
0.39426 
168.4563 
1685 
0.51662 
168.2069 
1682 
0.35687 
169.2571 
1693 
0.39766 
168.8372 
1688 
0.25491 
170.7846 
1708 
0.27190 
171.3381 
1713 
0.36027 
167.8813 
1679 
0.11896 
166.1304 
1661 
0.59819 
177.9783 
1780 
0.52341 
176.1446 
1761 
0.42485 
175.4563 
1755 
0.60159 
176.2069 
1762 
0.50982 
177.2571 
1773 
0.41125 
176.8372 
1768 
0.07137 
178.6846 
1787 
0.27870 
179.2381 
1792 
0.52681 
175.7813 
1758 
0.27870 
174.1304 
1741 
0.45204 
185.9783 
1860 
0.56420 
184.0446 
1840 
0.37387 
183.5563 
1836 
0.30589 
184.2069 
1842 
0.42145 
185.2571 
1853 
0.54381 
183.8372 
1838 
0.30589 
186.7846 
1868 
0.39086 
187.2381 
1872 
0.60838 
183.7813 
1838 
0.29569 
182.1304 
1821 
0.50302 
194.0783 
1941 
0.57779 
192.1446 
1921 
0.48943 
191.5563 
1916 
0.56080 
192.2069 
1922 
0.38406 
193.4571 
1935 
0.33648 
191.8372 
1918 
0.24131 
193.6846 
1937 
0.32628 
194.2381 
1942 
0.52681 
190.7813 
1908 
0.28210 
190.1304 
1901 
0.58799 
201.9783 
2020 
0.65257 
200.0446 
2000 
0.54721 
199.5563 
1996 
0.49282 
200.4069 
2004 
0.46224 
200.2571 
2003 
0.58799 
199.8372 
1998 
0.24471 
201.7846 
2018 
0.32968 
202.2381 
2022 
0.50982 
198.7813 
1988 
0.38066 
197.1304 
1971 
0.57779 
209.0783 
2091 
0.63557 
207.1446 
2071 
0.55060 
207.4563 
2075 
0.50982 
207.2069 
2072 
0.55740 
208.3571 
2084 
0.50642 
207.9372 
2079 
0.46224 
209.8846 
2099 
0.47243 
210.2381 
2102 
0.63897 
206.7813 
2068 
0.33308 
205.1304 
2051 
0.66616 
216.9783 
2170 
0.73754 
215.0446 
2150 
0.56420 
214.5563 
2146 
0.42825 
215.3069 
2153 
0.61518 
216.2571 
2163 
0.61178 
215.8372 
2158 
0.31269 
217.7846 
2178 
0.44864 
218.2381 
2182 
0.57440 
214.7813 
2148 
0.50982 
213.2304 
2132 
0.58799 
224.9783 
2250 
0.67976 
223.0446 
2230 
0.57440 
222.4563 
2225 
0.53021 
223.2069 
2232 
0.57440 
224.2571 
2243 
0.65937 
222.9372 
2229 
0.37727 
225.7846 
2258 
0.39766 
226.3381 
2263 
0.41125 
222.9813 
2230 
0.51662 
221.1304 
2211 
0.60838 
232.9783 
2330 
0.65257 
231.1446 
2311 
0.58799 
230.4563 
2305 
0.54381 
231.2069 
2312 
0.64917 
232.2571 
2323 
0.37387 
230.8372 
2308 
0.33648 
232.7846 
2328 
0.50982 
233.2381 
2332 
0.62198 
229.7813 
2298 
0.43505 
229.1304 
2291 
0.70355 
240.9783 
2410 
0.77492 
239.0446 
2390 
0.56420 
238.4563 
2385 
0.52001 
239.3069 
2393 
0.62878 
239.2571 
2393 
0.76133 
238.8372 
2388 
0.36367 
240.7846 
2408 
0.50982 
241.3381 
2413 
0.72734 
238.0813 
2381 
0.53361 
236.1304 
2361 
0.77832 
247.9783 
2480 
0.78852 
246.1446 
2461 
0.61518 
246.5563 
2466 
0.66956 
246.2069 
2462 
0.46903 
247.2571 
2473 
0.62538 
246.8372 
2468 
0.42145 
248.7846 
2488 
0.57100 
249.2381 
2492 
0.78852 
245.7813 
2458 
0.56420 
244.1304 
2441 
0.80891 
255.9783 
2560 
0.83610 
254.0446 
2540 
0.64577 
253.4563 
2535 
0.59479 
254.2069 
2542 
0.69335 
255.2571 
2553 
0.58799 
254.8372 
2548 
0.41805 
256.6846 
2567 
0.50982 
257.2381 
2572 
0.72054 
253.7813 
2538 
0.33308 
252.1304 
2521 
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0.66616 
264.0783 
2641 
0.76133 
262.1446 
2621 
0.65937 
261.5563 
2616 
0.68656 
262.2069 
2622 
0.55060 
263.3571 
2634 
0.77492 
261.8372 
2618 
0.45544 
264.7846 
2648 
0.45884 
265.2381 
2652 
0.82930 
261.7813 
2618 
0.43844 
260.1304 
2601 
0.76133 
271.9783 
2720 
0.76813 
270.0446 
2700 
0.54041 
269.5563 
2696 
0.67636 
270.3069 
2703 
0.69335 
271.2571 
2713 
0.74434 
269.8372 
2698 
0.40106 
271.6846 
2717 
0.58799 
272.2381 
2722 
0.81911 
268.7813 
2688 
0.50302 
268.2304 
2682 
0.85310 
279.9783 
2800 
0.84290 
278.0446 
2780 
0.80551 
277.5563 
2776 
0.71035 
278.2069 
2782 
0.66956 
278.3571 
2784 
0.80891 
277.9372 
2779 
0.56760 
279.8846 
2799 
0.50302 
280.3381 
2803 
0.81231 
276.7813 
2768 
0.44524 
275.1304 
2751 
0.67636 
286.9783 
2870 
1.01284 
285.0446 
2850 
0.64237 
285.4563 
2855 
0.69335 
285.3069 
2853 
0.81911 
286.2571 
2863 
0.76473 
285.8372 
2858 
0.52341 
287.7846 
2878 
0.35687 
288.2381 
2882 
0.89388 
284.7813 
2848 
0.60159 
283.2304 
2832 
0.82591 
294.9783 
2950 
0.80211 
293.0446 
2930 
0.73414 
292.5563 
2926 
0.63897 
293.3069 
2933 
0.73414 
294.2571 
2943 
0.77153 
293.8372 
2938 
0.46563 
295.7846 
2958 
0.66276 
296.4381 
2964 
0.84630 
292.8813 
2929 
0.59139 
291.1304 
2911 
0.95506 
302.9783 
3030 
0.91088 
301.0446 
3010 
0.75793 
300.4563 
3005 
0.83270 
301.2069 
3012 
0.69335 
302.2571 
3023 
0.92107 
300.8372 
3008 
0.46224 
303.7846 
3038 
0.57779 
304.2381 
3042 
0.90068 
300.7813 
3008 
0.54721 
299.1304 
2991 
0.95846 
310.9783 
3110 
1.03323 
309.1446 
3091 
0.83270 
308.4563 
3085 
0.80551 
309.2069 
3092 
0.76133 
310.2571 
3103 
0.95506 
308.8372 
3088 
0.56080 
310.7846 
3108 
0.54381 
311.3381 
3113 
1.02983 
307.9813 
3080 
0.60498 
307.1304 
3071 
0.92787 
318.9783 
3190 
1.04003 
317.1446 
3171 
0.80551 
316.4563 
3165 
0.68995 
317.2069 
3172 
0.94826 
317.2571 
3173 
0.73754 
316.8372 
3168 
0.58799 
318.7846 
3188 
0.71035 
319.2381 
3192 
0.89728 
315.7813 
3158 
0.72734 
314.0304 
3140 
0.58459 
325.9783 
3260 
0.91767 
324.1446 
3241 
0.78852 
324.6563 
3247 
0.84290 
324.2069 
3242 
0.80211 
325.2571 
3253 
0.82251 
324.8372 
3248 
0.53361 
326.7846 
3268 
0.60159 
327.2381 
3272 
0.94146 
323.7813 
3238 
0.71035 
322.1304 
3221 
0.13255 
334.0783 
3341 
0.77153 
332.1446 
3321 
0.81911 
331.4563 
3315 
0.79872 
332.2069 
3322 
0.95506 
333.3571 
3334 
0.89388 
332.9372 
3329 
0.55740 
334.7846 
3348 
0.60838 
335.3381 
3353 
1.02983 
331.8813 
3319 
0.70355 
330.1304 
3301 
0.15295 
341.9783 
3420 
1.00604 
340.0446 
3400 
0.92447 
339.6563 
3397 
0.88708 
340.3069 
3403 
0.92787 
341.2571 
3413 
0.80551 
339.8372 
3398 
0.63897 
342.7846 
3428 
0.64917 
343.3381 
3433 
0.99924 
339.7813 
3398 
0.80551 
338.2304 
3382 
0.08157 
349.9783 
3500 
0.94486 
348.0446 
3480 
0.81911 
347.5563 
3476 
0.90068 
348.2069 
3482 
0.97885 
349.2571 
3493 
0.98905 
347.9372 
3479 
0.66956 
349.7846 
3498 
0.75453 
350.3381 
3503 
1.19298 
346.8813 
3469 
0.74434 
346.1304 
3461 
0.18014 
357.9783 
3580 
0.85650 
356.0446 
3560 
0.92107 
355.6563 
3557 
0.88708 
356.3069 
3563 
0.86669 
356.2571 
3563 
0.75453 
355.8372 
3558 
0.72734 
357.7846 
3578 
0.71375 
358.2381 
3582 
1.12500 
354.7813 
3548 
0.87349 
353.2304 
3532 
0.12236 
364.9783 
3650 
0.98905 
363.0446 
3630 
0.83950 
363.5563 
3636 
0.91767 
363.2069 
3632 
0.91088 
364.2571 
3643 
0.89728 
363.8372 
3638 
0.59479 
365.7846 
3658 
0.85650 
366.3381 
3663 
0.99924 
362.8813 
3629 
0.82930 
361.1304 
3611 
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0.08157 
372.9783 
3730 
0.97205 
371.0446 
3710 
0.87349 
370.4563 
3705 
1.07402 
371.2069 
3712 
0.62538 
372.2571 
3723 
0.89728 
371.8372 
3718 
0.80211 
373.7846 
3738 
0.64237 
374.2381 
3742 
1.15219 
370.7813 
3708 
0.77832 
369.1304 
3691 
0.12576 
380.9783 
3810 
0.87689 
379.0446 
3790 
0.94486 
378.4563 
3785 
0.88029 
379.2069 
3792 
0.12576 
380.2571 
3803 
0.90068 
378.8372 
3788 
0.77153 
381.7846 
3818 
0.75793 
382.2381 
3822 
1.18278 
378.7813 
3788 
0.88708 
377.1304 
3771 
-0.04079 
389.0783 
3891 
0.99245 
387.2446 
3872 
0.96526 
386.4563 
3865 
0.94826 
387.2069 
3872 
-0.04758 
388.3571 
3884 
-0.06903 
386.8372 
3868 
0.71375 
388.6846 
3887 
0.73074 
389.2381 
3892 
1.06042 
385.7813 
3858 
0.78512 
385.1304 
3851 
0.15634 
396.9783 
3970 
1.04683 
395.0446 
3950 
1.07742 
394.5563 
3946 
0.93807 
395.3069 
3953 
0.03399 
395.2571 
3953 
-0.16798 
394.8372 
3948 
0.79192 
396.7846 
3968 
0.67636 
397.2381 
3972 
1.00604 
393.9813 
3940 
0.77492 
392.1304 
3921 
0.15295 
404.0783 
4041 
0.96866 
402.1446 
4021 
1.02643 
402.5563 
4026 
0.80211 
402.2069 
4022 
0.18014 
403.3571 
4034 
-0.02379 
402.9372 
4029 
0.81231 
404.7846 
4048 
0.87009 
405.2381 
4052 
1.25075 
401.8813 
4019 
0.87349 
400.1304 
4001 
0.11216 
411.9783 
4120 
1.01624 
410.0446 
4100 
1.00604 
409.5563 
4096 
1.12500 
410.3069 
4103 
0.03399 
411.2571 
4113 
0.00000 
410.8372 
4108 
0.70355 
412.6846 
4127 
0.83950 
413.2381 
4132 
1.11480 
409.8813 
4099 
1.01964 
408.2304 
4082 
0.06458 
419.9783 
4200 
1.18618 
418.0446 
4180 
1.04343 
417.4563 
4175 
1.00944 
418.2069 
4182 
0.10196 
419.2571 
4193 
-0.16654 
417.9372 
4179 
0.93127 
420.7846 
4208 
0.74094 
421.5381 
4215 
1.13520 
417.8813 
4179 
0.95166 
416.1304 
4161 
0.06118 
427.9783 
4280 
0.95506 
426.0446 
4260 
0.99924 
425.6563 
4257 
0.98565 
426.2069 
4262 
0.16314 
427.2571 
4273 
0.02379 
425.8372 
4258 
0.98905 
427.6846 
4277 
0.81911 
428.2381 
4282 
1.15219 
424.7813 
4248 
1.04343 
424.0304 
4240 
-0.01020 
435.9783 
4360 
1.01964 
434.0446 
4340 
0.94826 
433.5563 
4336 
0.92447 
434.3069 
4343 
0.15974 
434.2571 
4343 
-0.20733 
433.8372 
4338 
0.77832 
435.7846 
4358 
0.96186 
436.4381 
4364 
1.19977 
432.8813 
4329 
1.10801 
431.1304 
4311 
0.15295 
442.9783 
4430 
1.10121 
441.0446 
4410 
0.98565 
441.4563 
4415 
1.07402 
441.2069 
4412 
0.09517 
442.2571 
4423 
-0.02719 
441.8372 
4418 
1.06722 
443.7846 
4438 
0.78852 
444.3381 
4443 
1.30514 
440.7813 
4408 
1.21337 
439.1304 
4391 
0.17334 
450.9783 
4510 
0.99585 
449.0446 
4490 
1.20657 
448.4563 
4485 
0.89388 
449.2069 
4492 
0.00340 
450.2571 
4503 
-0.27190 
449.8372 
4498 
0.95506 
451.7846 
4518 
0.94826 
452.2381 
4522 
1.14879 
448.7813 
4488 
1.00604 
447.0304 
4470 
0.03739 
459.0783 
4591 
1.28474 
457.1446 
4571 
1.03663 
456.4563 
4565 
0.88369 
457.2069 
4572 
0.08837 
458.3571 
4584 
-0.04758 
456.8372 
4568 
0.95846 
459.8846 
4599 
0.81231 
460.2381 
4602 
1.19298 
456.7813 
4568 
1.24736 
455.1304 
4551 
0.13255 
467.0783 
4671 
1.01624 
465.0446 
4650 
1.01284 
464.5563 
4646 
0.15295 
465.3069 
4653 
0.19033 
466.2571 
4663 
-0.29569 
464.8372 
4648 
0.93807 
466.6846 
4667 
-0.11556 
467.2381 
4672 
1.22017 
463.8813 
4639 
1.19977 
463.2304 
4632 
0.16654 
474.9783 
4750 
1.13180 
473.0446 
4730 
1.05702 
472.4563 
4725 
-0.01360 
473.2069 
4732 
0.16654 
473.3571 
4734 
0.17674 
472.9372 
4729 
0.99585 
474.8846 
4749 
-0.04418 
475.2381 
4752 
0.19924 
471.7813 
4718 
1.16579 
470.1304 
4701 
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0.13255 
481.9783 
4820 
1.08761 
480.0446 
4800 
-0.06533 
480.4563 
4805 
-0.06798 
480.3069 
4803 
0.13935 
481.2571 
4813 
-0.06458 
480.8372 
4808 
0.98565 
482.6846 
4827 
-0.07137 
483.3381 
4833 
0.04879 
479.7813 
4798 
1.18278 
478.2304 
4782 
0.14615 
489.9783 
4900 
1.11480 
488.0446 
4880 
-0.06193 
487.5563 
4876 
-0.18693 
488.2069 
4882 
0.18693 
489.2571 
4893 
-0.09517 
488.8372 
4888 
1.01284 
490.7846 
4908 
-0.37047 
491.4381 
4914 
-0.09736 
487.8813 
4879 
1.14879 
486.0304 
4860 
0.23452 
497.9783 
4980 
1.10801 
496.0446 
4960 
0.06382 
495.4563 
4955 
0.05098 
496.2069 
4962 
0.21073 
497.2571 
4973 
     0.91088 
498.7846 
4988 
-0.17674 
499.2381 
4992 
0.06579 
495.7813 
4958 
1.22696 
494.1304 
4941 
0.10876 
505.9783 
5060 
1.17598 
504.0446 
5040 
-0.08912 
503.5563 
5036 
-0.03399 
504.2069 
5042 
0.24131 
505.2571 
5053 
     0.96186 
505.6846 
5057 
-0.02379 
506.3381 
5063 
0.07598 
502.8813 
5029 
1.24736 
502.1304 
5021 
0.09856 
514.0783 
5141 
1.13520 
512.1446 
5121 
0.02643 
511.4563 
5115 
-0.05438 
512.2069 
5122 
0.24131 
512.2571 
5123 
     -0.04758 
513.7846 
5138 
0.02039 
514.2381 
5142 
0.12017 
510.7813 
5108 
1.16918 
509.1304 
5091 
0.00680 
520.9783 
5210 
0.74773 
513.1446 
5131 
-0.05514 
519.6563 
5197 
0.07817 
519.2069 
5192 
0.22432 
520.2571 
5203 
     0.08837 
521.8846 
5219 
-0.16654 
522.3381 
5223 
-0.07357 
518.7813 
5188 
0.80211 
517.1304 
5171 
0.12576 
529.0783 
5291 
0.26171 
521.0446 
5210 
-0.05174 
526.4563 
5265 
0.00000 
527.2069 
5272 
0.13255 
528.3571 
5284 
     -0.15634 
529.8846 
5299 
0.04758 
530.3381 
5303 
0.16775 
526.8813 
5269 
0.24811 
525.1304 
5251 
0.08157 
536.9783 
5370 
-0.18014 
529.0446 
5290 
-0.12991 
534.6563 
5347 
0.01360 
535.3069 
5353 
0.16314 
536.2571 
5363 
     0.12236 
537.7846 
5378 
-0.04079 
538.2381 
5382 
-0.19592 
534.7813 
5348 
-0.01699 
533.1304 
5331 
0.04079 
544.9783 
5450 
-0.24471 
536.0446 
5360 
-0.05514 
542.4563 
5425 
0.02719 
543.2069 
5432 
0.38066 
544.2571 
5443 
   0.19033 
544.8846 
5449 
-0.04079 
545.2381 
5452 
-0.17334 
541.7813 
5418 
-0.02379 
540.1304 
5401 
0.25491 
552.9783 
5530 
0.01360 
544.0446 
5440 
-0.15030 
550.4563 
5505 
0.24131 
551.2069 
5512 
0.01699 
551.2571 
5513 
     0.20733 
552.6846 
5527 
-0.01020 
553.2381 
5532 
0.25491 
549.7813 
5498 
0.08497 
548.1304 
5481 
 
 
Appendix A- Table 2A P a g e  | 106 
 
 
 
Table 2A. Experimental data collected for 10 individual embryo with for 
micropipette speed of 120μm/s 
Embryo 
10 
Embryo 
9 
Embryo 
8 
Embryo 
7 
Embryo 
6 
Embryo 
5 
Embryo 
4 
Embryo 
3 
Embryo 
2 
Embryo 
1 Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
Force(m
N
) 
d(μm
) 
Tim
e(m
s) 
0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 0.00000 
0.0000 
0 
0.22772 
7.5600 
63 
0.15295 
5.5200 
46 
0.13935 
9.0000 
75 
0.11752 
10.0800 
84 
0.10536 
7.8000 
65 
0.14275 
9.3600 
78 
0.08157 
5.7600 
48 
0.11269 
9.3600 
78 
0.18014 
9.4800 
79 
0.02379 
3.7200 
31 
0.23792 
17.1600 
143 
0.39766 
13.9200 
116 
0.25831 
17.5200 
146 
0.21752 
19.5600 
163 
0.27190 
17.4000 
145 
0.22432 
18.9600 
158 
0.18406 
15.3600 
128 
0.17530 
18.9600 
158 
0.26511 
17.7600 
148 
0.12915 
12.2400 
102 
0.07137 
26.7600 
223 
0.31269 
23.5200 
196 
0.28890 
27.1200 
226 
0.21412 
29.1600 
243 
0.03739 
27.0000 
225 
0.11216 
27.3600 
228 
0.11752 
24.9600 
208 
0.13595 
28.6800 
239 
0.21752 
27.4800 
229 
0.25831 
21.7200 
181 
0.10196 
36.3600 
303 
0.11216 
33.2400 
277 
0.01360 
36.8400 
307 
0.18890 
38.7600 
323 
-0.00340 
36.7200 
306 
0.10196 
36.9600 
308 
0.11412 
34.6800 
289 
0.10196 
36.9600 
308 
0.17674 
36.9600 
308 
0.25491 
31.4400 
262 
0.03399 
46.0800 
384 
0.03059 
42.7200 
356 
0.12915 
46.3200 
386 
0.06798 
48.3600 
403 
0.17334 
45.0000 
375 
0.04758 
46.5600 
388 
0.00680 
44.1600 
368 
0.08039 
46.6800 
389 
0.14275 
46.5600 
388 
0.18014 
41.1600 
343 
0.13595 
54.3600 
453 
0.15295 
52.3200 
436 
0.16994 
56.0400 
467 
0.23792 
56.7600 
473 
0.22092 
54.7200 
456 
0.08837 
56.0400 
467 
0.11216 
52.6800 
439 
0.29909 
56.1600 
468 
0.15974 
56.1600 
468 
0.10196 
50.6400 
422 
0.32289 
63.9600 
533 
0.46903 
60.7200 
506 
0.36707 
64.3200 
536 
0.25491 
66.3600 
553 
0.29909 
64.2000 
535 
0.21073 
65.6400 
547 
0.29086 
62.1600 
518 
0.30589 
65.7600 
548 
0.24811 
64.5600 
538 
0.17674 
59.2800 
494 
0.26171 
73.5600 
613 
0.34668 
70.3200 
586 
0.37387 
73.9200 
616 
0.38066 
76.0800 
634 
0.23452 
73.8000 
615 
0.27870 
74.1600 
618 
0.27190 
71.7600 
598 
0.24131 
75.3600 
628 
0.35347 
74.1600 
618 
0.37047 
68.6400 
572 
0.22772 
83.2800 
694 
0.19373 
79.8000 
665 
0.08497 
83.5200 
696 
0.33308 
85.4400 
712 
0.05778 
83.4000 
695 
0.21412 
83.7600 
698 
0.33648 
81.3600 
678 
0.24131 
83.6400 
697 
0.35687 
83.7600 
698 
0.28210 
78.3600 
653 
0.06118 
92.7600 
773 
0.29230 
89.5200 
746 
0.13935 
93.1200 
776 
0.24131 
95.0400 
792 
0.03739 
91.6800 
764 
0.15974 
93.2400 
777 
0.13255 
90.9600 
758 
0.19033 
93.3600 
778 
0.15295 
93.4800 
779 
0.31949 
87.9600 
733 
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0.10536 
101.2800 
844 
0.25831 
99.1200 
826 
0.15974 
102.8400 
857 
0.26511 
103.4400 
862 
0.29569 
101.4000 
845 
0.06118 
102.9600 
858 
0.23792 
99.3600 
828 
0.42485 
102.9600 
858 
0.20733 
102.9600 
858 
0.20053 
97.4400 
812 
0.26850 
110.7600 
923 
0.52341 
107.4000 
895 
0.48603 
111.1200 
926 
0.23112 
113.1600 
943 
0.42145 
111.0000 
925 
0.22432 
112.6800 
939 
0.28890 
108.9600 
908 
0.41125 
112.6800 
939 
0.29230 
111.3600 
928 
0.24811 
105.8400 
882 
0.48263 
120.4800 
1004 
0.57779 
117.1200 
976 
0.62198 
120.9600 
1008 
0.49962 
122.6400 
1022 
0.37047 
120.7200 
1006 
0.33308 
120.9600 
1008 
0.33988 
118.6800 
989 
0.38746 
122.1600 
1018 
0.32289 
120.9600 
1008 
0.48603 
115.4400 
962 
0.42825 
130.0800 
1084 
0.41805 
126.7200 
1056 
0.31609 
130.3200 
1086 
0.48263 
132.3600 
1103 
0.22432 
130.2000 
1085 
0.35008 
130.6800 
1089 
0.42145 
128.1600 
1068 
0.21073 
130.6800 
1089 
0.39766 
130.5600 
1088 
0.44184 
125.2800 
1044 
0.13255 
139.5600 
1163 
0.35008 
136.3200 
1136 
0.32289 
139.9200 
1166 
0.38406 
142.0800 
1184 
0.16314 
138.7200 
1156 
0.21412 
140.1600 
1168 
0.27190 
137.7600 
1148 
0.22432 
140.1600 
1168 
0.29569 
140.1600 
1168 
0.43165 
134.6400 
1122 
0.20393 
148.0800 
1234 
0.26850 
145.9200 
1216 
0.35687 
149.6400 
1247 
0.42485 
150.3600 
1253 
0.31269 
148.2000 
1235 
0.19033 
149.7600 
1248 
0.27870 
146.1600 
1218 
0.47583 
149.7600 
1248 
0.22432 
149.6400 
1247 
0.39426 
144.2400 
1202 
0.39086 
157.5600 
1313 
0.50982 
154.3200 
1286 
0.52001 
158.1600 
1318 
0.16314 
160.0800 
1334 
0.44184 
157.8000 
1315 
0.30929 
159.3600 
1328 
0.39426 
155.7600 
1298 
0.50302 
159.3600 
1328 
0.36367 
158.1600 
1318 
0.45544 
152.6400 
1272 
0.40106 
167.2800 
1394 
0.69675 
163.9200 
1366 
0.53701 
167.5200 
1396 
0.41805 
169.5600 
1413 
0.44184 
167.4000 
1395 
0.39086 
167.7600 
1398 
0.44864 
165.3600 
1378 
0.53701 
168.9600 
1408 
0.45544 
167.7600 
1398 
0.49962 
162.2400 
1352 
0.49962 
176.7600 
1473 
0.56420 
173.5200 
1446 
0.52681 
177.1200 
1476 
0.38406 
179.1600 
1493 
0.38066 
177.0000 
1475 
0.49962 
177.3600 
1478 
0.55400 
174.9600 
1458 
0.44524 
177.3600 
1478 
0.62198 
177.4800 
1479 
0.60498 
171.8400 
1432 
0.29569 
186.3600 
1553 
0.60159 
183.2400 
1527 
0.52681 
186.8400 
1557 
0.47923 
188.7600 
1573 
0.30249 
185.4000 
1545 
0.24471 
186.9600 
1558 
0.40785 
184.5600 
1538 
0.38746 
186.9600 
1558 
0.48603 
186.9600 
1558 
0.63557 
181.4400 
1512 
0.29230 
194.7600 
1623 
0.41805 
192.7200 
1606 
0.31269 
196.3200 
1636 
0.32289 
197.1600 
1643 
0.39426 
195.0000 
1625 
0.32289 
196.6800 
1639 
0.31269 
193.0800 
1609 
0.53361 
196.6800 
1639 
0.33988 
196.5600 
1638 
0.56420 
191.1600 
1593 
0.56760 
204.3600 
1703 
0.60498 
201.1200 
1676 
0.76473 
204.9600 
1708 
0.42825 
206.7600 
1723 
0.56420 
204.7200 
1706 
0.40106 
206.1600 
1718 
0.51662 
202.8000 
1690 
0.62878 
206.0400 
1717 
0.46224 
204.9600 
1708 
0.59139 
199.4400 
1662 
0.68656 
213.9600 
1783 
0.77492 
210.7200 
1756 
0.70355 
214.3200 
1786 
0.59819 
216.3600 
1803 
0.67296 
214.0800 
1784 
0.55740 
214.6800 
1789 
0.62538 
212.1600 
1768 
0.75793 
215.7600 
1798 
0.63557 
214.5600 
1788 
0.58799 
209.1600 
1743 
0.67976 
223.6800 
1864 
0.75453 
220.3200 
1836 
0.74094 
224.1600 
1868 
0.63557 
226.0800 
1884 
0.57440 
223.8000 
1865 
0.72734 
224.1600 
1868 
0.62538 
221.7600 
1848 
0.62878 
224.1600 
1868 
0.74094 
224.1600 
1868 
0.78512 
218.6400 
1822 
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0.38066 
233.1600 
1943 
0.73414 
229.9200 
1916 
0.63897 
233.5200 
1946 
0.57440 
235.5600 
1963 
0.35687 
232.2000 
1935 
0.44864 
233.6400 
1947 
0.55060 
231.3600 
1928 
0.61178 
233.7600 
1948 
0.63218 
233.7600 
1948 
0.89048 
228.2400 
1902 
0.37727 
241.5600 
2013 
0.48603 
239.5200 
1996 
0.48603 
243.1200 
2026 
0.50302 
244.0800 
2034 
0.50982 
241.8000 
2015 
0.46224 
243.2400 
2027 
0.49282 
239.7600 
1998 
0.73414 
243.3600 
2028 
0.62878 
243.4800 
2029 
0.79532 
237.8400 
1982 
0.43165 
251.2800 
2094 
0.75793 
247.9200 
2066 
0.81231 
251.5200 
2096 
0.57779 
253.5600 
2113 
0.71035 
251.4000 
2095 
0.48943 
252.9600 
2108 
0.59479 
249.3600 
2078 
0.76473 
252.8400 
2107 
0.53701 
251.7600 
2098 
0.72734 
246.2400 
2052 
0.78512 
260.7600 
2173 
0.94826 
257.5200 
2146 
0.85650 
261.1200 
2176 
0.69335 
263.1600 
2193 
0.78512 
261.0000 
2175 
0.76133 
261.2400 
2177 
0.76473 
258.9600 
2158 
0.90068 
262.6800 
2189 
0.78852 
261.4800 
2179 
0.82591 
255.8400 
2132 
0.88369 
270.3600 
2253 
1.05702 
267.2400 
2227 
0.93807 
270.8400 
2257 
0.82251 
272.7600 
2273 
0.84290 
270.7200 
2256 
0.79872 
270.8400 
2257 
0.87689 
268.8000 
2240 
0.80551 
270.9600 
2258 
0.85310 
270.8400 
2257 
0.94146 
265.4400 
2212 
0.65257 
280.2000 
2335 
0.97885 
276.6000 
2305 
0.86329 
280.3200 
2336 
0.84970 
282.3600 
2353 
0.49962 
279.0000 
2325 
0.74094 
280.6800 
2339 
0.83610 
278.1600 
2318 
0.76473 
280.6800 
2339 
0.74434 
280.5600 
2338 
1.00264 
275.2800 
2294 
0.47583 
288.3600 
2403 
0.76473 
286.2000 
2385 
0.64917 
289.9200 
2416 
0.74434 
290.6400 
2422 
0.58799 
288.7200 
2406 
0.74773 
290.1600 
2418 
0.67296 
286.8000 
2390 
0.81911 
290.1600 
2418 
0.74094 
290.1600 
2418 
1.01964 
284.6400 
2372 
0.57100 
298.0800 
2484 
0.88369 
294.6000 
2455 
0.81571 
298.3200 
2486 
0.70355 
300.2400 
2502 
0.73754 
298.2000 
2485 
0.68995 
299.7600 
2498 
0.78852 
296.1600 
2468 
0.89728 
299.7600 
2498 
0.71035 
298.5600 
2488 
0.83610 
293.2800 
2444 
0.81231 
307.5600 
2563 
1.02304 
304.3200 
2536 
0.87009 
307.9200 
2566 
0.80891 
309.9600 
2583 
0.92787 
307.8000 
2565 
0.84630 
308.1600 
2568 
0.91088 
305.7600 
2548 
1.10801 
309.3600 
2578 
0.89388 
308.1600 
2568 
0.87009 
302.6400 
2522 
0.88369 
317.1600 
2643 
1.11820 
313.9200 
2616 
1.00944 
317.5200 
2646 
0.87349 
319.5600 
2663 
1.00264 
317.4000 
2645 
0.88708 
317.7600 
2648 
0.97545 
315.3600 
2628 
0.99924 
317.7600 
2648 
1.05023 
317.6400 
2647 
1.06722 
312.2400 
2602 
0.79532 
326.8800 
2724 
1.19977 
323.5200 
2696 
1.04683 
327.1200 
2726 
1.00604 
329.1600 
2743 
0.79872 
325.8000 
2715 
0.89048 
327.3600 
2728 
1.02983 
324.8400 
2707 
0.91767 
327.3600 
2728 
0.94146 
327.4800 
2729 
1.16579 
321.8400 
2682 
0.69675 
335.1600 
2793 
1.04343 
333.2400 
2777 
0.94486 
336.8400 
2807 
0.80211 
337.5600 
2813 
0.78172 
335.4000 
2795 
0.92787 
336.9600 
2808 
0.82251 
333.2400 
2777 
0.97545 
336.9600 
2808 
0.86669 
336.9600 
2808 
1.14539 
331.4400 
2762 
0.70355 
344.7600 
2873 
-0.16314 
341.5200 
2846 
0.89728 
345.1200 
2876 
0.94486 
347.1600 
2893 
0.74094 
345.0000 
2875 
0.81231 
346.6800 
2889 
0.91767 
342.9600 
2858 
0.95846 
346.6800 
2889 
0.82930 
345.4800 
2879 
1.10801 
339.8400 
2832 
0.92107 
354.3600 
2953 
-0.34668 
351.1200 
2926 
0.96526 
354.8400 
2957 
0.95166 
356.7600 
2973 
1.01624 
354.7200 
2956 
0.93467 
354.9600 
2958 
0.82591 
352.5600 
2938 
1.15559 
356.1600 
2968 
0.99924 
354.9600 
2958 
1.00264 
349.4400 
2912 
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1.06382 
364.2000 
3035 
0.23452 
360.7200 
3006 
1.07402 
364.3200 
3036 
0.95506 
366.3600 
3053 
1.13859 
364.2000 
3035 
1.10461 
364.6800 
3039 
1.03323 
362.1600 
3018 
0.84630 
364.6800 
3039 
1.06722 
364.5600 
3038 
1.20657 
359.0400 
2992 
1.01624 
373.5600 
3113 
0.04418 
370.3200 
3086 
1.05363 
373.9200 
3116 
1.13180 
376.0800 
3134 
0.97205 
372.7200 
3106 
0.97545 
374.1600 
3118 
1.12840 
371.7600 
3098 
0.25491 
374.1600 
3118 
1.10461 
374.1600 
3118 
1.27795 
368.6400 
3072 
0.91088 
382.0800 
3184 
-0.11896 
379.9200 
3166 
0.63897 
383.5200 
3196 
0.97885 
384.3600 
3203 
0.88029 
382.2000 
3185 
1.04683 
383.7600 
3198 
-0.19713 
380.0400 
3167 
-0.05438 
383.7600 
3198 
0.16994 
383.7600 
3198 
0.80551 
378.1200 
3151 
0.23112 
391.5600 
3263 
-0.01020 
388.3200 
3236 
-0.07817 
391.8000 
3265 
1.02983 
393.9600 
3283 
0.91427 
391.8000 
3265 
0.90408 
393.3600 
3278 
0.16994 
389.7600 
3248 
-0.06798 
393.2400 
3277 
0.17674 
392.1600 
3268 
-0.32628 
386.5200 
3221 
-0.02719 
401.1600 
3343 
-0.13595 
397.9200 
3316 
-0.16994 
401.5200 
3346 
1.05023 
403.5600 
3363 
1.08761 
401.4000 
3345 
0.98225 
401.7600 
3348 
-0.01020 
399.3600 
3328 
0.06118 
402.9600 
3358 
-0.16994 
401.7600 
3348 
0.12576 
396.2400 
3302 
0.07817 
410.7600 
3423 
0.20053 
407.5200 
3396 
0.27530 
411.1200 
3426 
0.56420 
413.1600 
3443 
0.74094 
411.0000 
3425 
1.05363 
411.3600 
3428 
0.10196 
408.9600 
3408 
0.09517 
411.3600 
3428 
0.05098 
411.6000 
3430 
-0.05098 
405.8400 
3382 
0.02039 
420.4800 
3504 
0.15634 
417.2400 
3477 
0.43844 
420.8400 
3507 
0.38066 
422.7600 
3523 
0.11896 
419.4000 
3495 
1.07742 
420.9600 
3508 
0.28890 
418.6800 
3489 
0.03399 
420.9600 
3508 
0.15634 
420.9600 
3508 
0.19033 
415.4400 
3462 
-0.02379 
428.6400 
3572 
0.05778 
426.7200 
3556 
0.10196 
430.3200 
3586 
0.27190 
431.1600 
3593 
0.14615 
429.0000 
3575 
1.12160 
430.5600 
3588 
0.18014 
426.8400 
3557 
0.20393 
430.6800 
3589 
0.06118 
430.5600 
3588 
0.23452 
425.2800 
3544 
-0.12236 
438.2400 
3652 
-0.10876 
435.2400 
3627 
-0.00680 
438.8400 
3657 
0.15295 
440.7600 
3673 
-0.33308 
438.7200 
3656 
-0.00680 
440.1600 
3668 
-0.19373 
436.5600 
3638 
0.00000 
440.1600 
3668 
-0.16994 
438.9600 
3658 
-0.01020 
433.4400 
3612 
-0.08837 
448.0800 
3734 
0.00000 
444.7200 
3706 
0.12236 
448.3200 
3736 
0.16314 
450.3600 
3753 
0.13595 
448.2000 
3735 
0.08497 
448.5600 
3738 
0.09517 
445.9200 
3716 
0.19713 
449.7600 
3748 
0.04418 
448.5600 
3738 
-0.01020 
443.1600 
3693 
0.00340 
457.6800 
3814 
0.15974 
454.2000 
3785 
0.13595 
457.9200 
3816 
0.34668 
459.9600 
3833 
0.21752 
457.8000 
3815 
-0.15974 
458.0400 
3817 
0.10196 
455.6400 
3797 
0.43505 
458.1600 
3818 
0.14275 
458.1600 
3818 
0.14955 
452.6400 
3772 
0.23452 
467.1600 
3893 
0.24811 
463.8000 
3865 
0.38066 
467.5200 
3896 
0.31269 
469.4400 
3912 
0.28550 
466.2000 
3885 
0.25831 
467.7600 
3898 
0.22432 
465.2400 
3877 
0.20393 
467.7600 
3898 
0.11896 
467.7600 
3898 
0.03059 
462.2400 
3852 
0.11216 
475.5600 
3963 
0.26511 
473.5200 
3946 
0.16314 
477.1200 
3976 
0.37047 
478.0800 
3984 
0.06798 
475.6800 
3964 
0.16994 
477.3600 
3978 
0.21073 
473.6400 
3947 
0.04758 
477.3600 
3978 
0.10196 
477.4800 
3979 
-0.05778 
471.8400 
3932 
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